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ABSTRACT OF THE DISSERTATION
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Professor Lori A. Setton, Chair
The intervertebral disc (IVD) has been widely observed to undergo significant
structural and biochemical changes with age and maturation.

As degeneration

progresses, changes in extracellular matrix composition and deposition, tissue cellularity,
and metabolic activity have been characterized.

Although the epidemiology of disc

degeneration remains unclear, it is believed that the nucleus pulposus (NP) region of the
IVD may be implicated in early degeneration. Specifically, cells of the nucleus pulposus
have been observed to undergo a shift from their notochordal-like juvenile phenotype to
a more fibroblast-like state in a manner concomitant to degenerative events. Because
the disc has inherently little capacity for self-repair due to low vascularization and nutrient
supply as well as a low native cell density, different strategies have been investigated
towards the goal of intervertebral disc repair.
It has been previously demonstrated that culture of degenerative NP cells upon
soft (<1 kPa) full length laminin-111-containing hydrogels promotes increased levels of a
panel of markers associated with the juvenile NP phenotype. Alternatively, culture of
these cells upon a stiff (~10 kPa) laminin-functionalized material promoted expression of

xi

fibroblast-like markers. In this dissertation, a stiff, peptide-functionalized PEG-based
hydrogel system was studied for inducing phenotypic shifts similar to those observed in
cell culture upon soft full-length laminin functionalized systems. Specifically, integrinbinding IKVAV and syndecan-binding AG73 motifs isolated from the LG domains of
laminin-111 were conjugated to an 8-arm maleimide terminated star-PEG chain through
terminal cysteines via maleimide-thiol Michael-type addition reactions.

Peptide-

functionalized constructs were then used as systems for cell culture and cell
encapsulation in vitro and in vivo.
Following NP cell culture in 2D, findings reveal that a stiff hydrogel functionalized
with the adequate adhesive ligand density promoted a shift towards increased expression
of pro-NP phenotypic markers, with a parallel decrease in expression of markers
associated with the fibroblast-like state. Translation from a 2D cell culture substrate into
3D cell encapsulation suggests that the developed hydrogel system supports cell viability,
biosynthetic activity, and protein deposition in vitro.

Delivery of a stiff, peptide-

functionalized cell-laden hydrogel into the intradiscal space in an in vivo model of disc
degeneration via disc puncture in caudal spines of rats demonstrated the polymeric
material to support cell viability and retention in the intradiscal space up to 8 weeks
following delivery.

These data demonstrated the biomaterial’s ability to promote

bioactivity in the delivered cells as observed by increased Saf-O staining and
immunolabeling of BASP1, integrin α6, and N-cadherin within the disc space at the 8week time point.
Overall, the current work elaborates upon previous research outlining the effects
of substrate stiffness and biofunctionalization on NP cell phenotype, presenting a

xii

meaningful approach for phenotypic modulation with increased spatial control of adhesive
domains and targeted cellular microenvironmental interactions. This work expands upon
previous knowledge by demonstrating an ability to guide NP cell differentiation via control
of adhesive motif presentation rather than substrate stiffness alone. Furthermore, this
system provides the ability to culture cells in 3D, allowing for the development of a
deliverable for retaining the juvenile NP phenotype in vivo. The potential of the cell-laden
bioactive injectable to support expression and maintenance of markers of the juvenile
phenotype of NP cells in vivo may present a clinically relevant approach towards the
treatment of degenerative discs. Furthermore, the ability to use stiff substrates with
proper ligand presentation in order to promote levels of phenotypic control normally seen
in soft substrates may present benefits in terms of mechanical support for such an
implantable device.
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Chapter 1
Introduction
For over two decades, back pain has been cited as one of the most prevalent
causes of disability in the U.S., with low back pain being reported as number one in years
lived with disability, and neck pain ranking sixth in the same1–4. When broken down
further, these statistics show that low back pain has a one-year prevalence of up to 65%,
a one-month prevalence of over 20%, and affects up to 80% of adults at least once during
their lifetime4,5. As reported by Wu et al. the point prevalence of people experiencing low
back pain in 2017 exceeded 550 million globally6. Of these, it’s speculated that between
30-60 million will advance to a chronic condition2,7. This has lasting socioeconomic
issues, as it’s been reported that low back pain has associated costs exceeding $100
billion annually in the United States alone2.
Many disorders of the intervertebral disc (IVD) are believed to originate in the
nucleus pulposus (NP). In their juvenile state, cells of the NP secrete a matrix that is
largely distinct from the cells in the adjacent AF8–11. This matrix is highly hydrated (~7090% water by wet weight in healthy tissue), rich in both non-fibrillar and fibrillar collagens
(predominantly collagen II), proteoglycans, and other proteins such as laminins and
fibronectin12–14. Furthermore, healthy NP tissue has a soft matrix14–18. With age and
maturation, drastic changes in both matrix composition and cellularity within the NP are
observed (Fig. 1.1A)13,19,20. These changes include disc dehydration and tissue stiffening,
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loss of cellularity, and progressive changes in extracellular matrix composition and
deposition as characterized by decreases in aggrecan and increases in collagen type I
amongst others10,13,19,21. This is paralleled by changes in gene expression profiles and a
reduced ability for the NP cells to produce and maintain a healthy matrix (Fig. 1.1B)22,23.

A)

B)

Fig. 1.1: Progressive changes in disc composition associated with degeneration. A)
Adapted from Tam et al. 2014. Degeneration of the IVD leads to differences in matrix
deposition. B) Adapted from Chan et al. 2011. Left shows healthy NP cells, with appropriate
levels of matrix synthesis and cell-matrix interactions; right shows a degenerative cell, with
increases in presence of MMPs, ADAMTSs, and other matrix degradation molecules that
alter proper cell function and microenvironmental composition.

It has been observed, however, that following degeneration and phenotypic shifts, cells
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of the NP retain the potential to re-express subsets of markers associated with the juvenile
phenotypic state24–26.
Approaches towards the treatment of painful degenerated discs often focus on
spine fixation in order to decrease load bearing in the affected disc and provide a palliative
solution (Fig. 1.2). Methods include BMP-releasing “sponges” which promote calcification
of the degenerative IVDs and serve to fuse adjacent vertebral bodies, and pedicle screws
or other permanent fixation means to actively fuse adjacent vertebral bodies 27–29. While
effective at alleviating pain symptoms, these approaches fail to provide regenerative
potential to the tissue and can result in decreased quality of life due to the fixation of a

Fig.
1.2:
Clinical
approaches
for
spine
fixation.
Adapted
from
https://orthoinfo.aaos.org/en/treatment/spinal-fusion/. Figure shows clinical x-ray images of
disc fusion using metal fixation devices such as cages and pedicle screws.

motion segment and consequent loss of a functional spine unit30.

Research into

regenerative options has become more prevalent in recent years, with advances including
cellular- and materials-based approaches.

A number of acellular materials-based

systems have been developed with the goal of providing mechanical support to the disc
and stimulating native cells residing within the NP space in order to promote tissue
repair31–33. The challenge with this approach is the reliance on native cells for effective
3

hydrogel function. Degenerated discs undergo a significant loss of cellularity, which
poses unique challenges when considering the low cell density natively found in the
healthy NP34. An alternative approach has focused on cell delivery into the intradiscal
space. Such studies have used different cell types for treatment of degenerated discs,
including work delivering multipotential stem cells (MPSCs) directly into the NP space35,
or the implant of constructs composed of adipose derived mesenchymal stem cells
(ADSCs) in their extracellular microenvironment36, amongst many. The limitation to these
approaches is that, due to the lack of a cell carrier, delivered cells may not be effectively
retained within the intended compartment. Once delivered, cells are able to evacuate
from the path of delivery, and cells that do engraft find many challenges in obtaining
nutrients and ensuring gas exchange to support their long term survival37. An optimal
solution may therefore be an approach to facilitate cell delivery into and retention within
the degenerated disc using a biomaterial carrier capable of promoting and maintaining
the healthy NP cell phenotype.

1.1 The intervertebral disc: structure and function
The intervertebral disc is the fibrocartilaginous tissue that separates vertebral
bodies within the spinal column, and it is responsible for providing flexibility and load
bearing to the spine. This tissue is composed of three anatomically distinct components:
the anulus fibrosus (AF), the nucleus pulposus (NP), and the cartilaginous endplates
(CEP) (Fig. 1.3A, B).
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The AF is the outermost structure of the disc. This tissue can be further subdivided
into outer AF and inner AF. The outer AF is a fibrous collagenous tissue (roughly 70%
dry weight, predominantly fibrillar collagens such as Collagen type I)38 composed of highly
aligned lamellae organized in concentric layers roughly 30° from the horizontal plane, and
roughly 120° from the following adjacent layer39. The inner AF is a transition zone
between the AF and NP. While retaining a degree of lamellar organization and a more
collagenous composition, histological sections demonstrate increased tissue and matrix
disorganization as a transition towards the NP occurs10,13,40.

The structure and

composition of the AF grants it the ability to resist torsional stresses, providing structural
stability to the disc, and preventing motion between adjacent vertebrae (Fig. 1.3A, B) 41.

A)

C)

B)

Fig. 1.3: Schematic of intervertebral disc structure and function. A) Adapted from Setton
et al. 2006 and Fearing et al. 2018. The NP is responsible for withstanding axial compression
and distributing loads radially to the AF, which prevents significant disc volume changes. B
and C) Adapted from Roughley et al. 2004. Schematics show the age related transitions in
anatomic and morphologic states (B), as well as the shift in matrix composition within the NP
(C).
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Cells of the AF are more fibroblast-like in nature than the cells of the adjacent NP, and
are highly aligned with the fiber orientation within their lamella.
The CEPs are composed of a thin layer of hyaline cartilage, and bound the disc on
the superior and inferior planes, separating the disc from the adjacent vertebrae. This
tissue plays a major role in nutrient transport and gas exchange42–44. Diffusion across
endplates is facilitated by a network of small vascularization connecting the vertebral
marrow or vascular buds to the disc43,44. Degeneration of the CEPs presents changes in
proteoglycan and collagen content within the cartilage layer, resulting in CEP thinning
and calcification, and decreases in tissue permeability (Fig. 1.3B)42,44–46
The nucleus pulposus is the innermost compartment of the IVD. When healthy,
this tissue has a soft, amorphous gelatinous matrix which is highly hydrated (~90% water
by wet weight in healthy tissue)34,37,47. The NP distributes compressive loads radially (Fig.
1.3A) and allows for bending and flexion in the spine, thus playing an important role in
spine stability16,37. In their juvenile state, the notochordally derived NP cells secrete a
matrix that is largely distinct from the cells in the adjacent AF 47. This anisotropic matrix
is highly hydrated due to abundant presence of proteoglycans (~65% dry weight) and
glycosaminoglycans (sGAGs), predominantly aggrecan, chondroitin sulfates and keratan
sulfates (Fig. 1.3C)48.

The high degree of hydration results in increased interstitial

pressure within the disc, aiding in its loading distribution14,41. NP matrix is also rich in
both non-fibrillar and fibrillar collagens (predominantly collagen II, ~15% dry weight), and
further possesses an array of other proteins such as fibronectin and different laminin
isoforms13,14,16,21. Importantly, the NP has very low cellularity, reportedly as low as 4 x
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106 cells/mL34. This number varies considerably with age, but a notable reduction in NP
cellularity has been correlated with aging and degeneration.

1.2 Overview of intervertebral disc degeneration
A number of structural, biochemical, and molecular changes have been
consistently associated with intervertebral disc degeneration (Fig. 1.4A, B). As previously
described, a healthy IVD has markedly distinct NP, AF, and CEPs, with the AF being the
well-organized outer lamellar tissue37, the NP being the amorphous and highly hydrated
central compartment10,41, and the CEPs bounding these structures on the cranial and
caudal planes42. With progressive degenerative events, cells of the NP de-differentiate
from their notochordal phenotype into a more chondrocyte-like state (Fig. 1.4C)10,34. Loss
of cellularity within the NP further leads to variable degrees of tissue dehydration, and the
transition zone between the AF and NP begins to fade as the NP degenerates 10,37,49. At
more severe stages of degeneration, a significant loss of GAGs and collagen II can be
quantified in the matrix of the NP35,50, resulting in tissue dehydration, and often leading to
tissue stiffening, loss of disc height, and other complications.

Dehydration of the

innermost compartment further affects its surrounding tissues.

Specifically, the AF

becomes largely disorganized and anisotropic, with lamella collapsing peripherally along
each plane (resulting in a change in the superimposing lamellar angle and leading to loss
of structural integrity in the AF), as well as radially into the NP region37,51. Significant
decreases in cellularity in the disc, particularly within the NP region, have further been
observed. The cells that do remain within the NP region often de-differentiate into
chondrocytes, and upon more severe degeneration, shift towards a more fibroblast-like
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phenotype, losing their rounded, clustered morphology and adopting a more elongated
and spread geometry (Fig. 1.4C)52–54. The endplates also undergo changes as the disc
degenerates, often becoming and thin and serpentine, with visible defects throughout 44,55.
Calcification events lead to endplate stiffening, resulting in decreased porosity and
impeded nutrient diffusion43,55.

Lastly, with degeneration, we observe increased

A)

B)

C)

Notochordal phenotype

Degenerative NP cells

Fig. 1.4: Intervertebral disc degeneration results in structural abnormalities and loss
of phenotype. A) Adapted from Chan et al. 2011. Schematic shows progression of
degeneration and its effects on disc phenotype. B) Adapted from Fearing et al. 2019, images
show human intervertebral discs at different stages of degeneration, with the left being a
healthy juvenile disc, middle being mild-to-moderate degeneration, and right being severely
degenerated disc. C) Brightfield image from Kim et al. 2009. Images show the shift in cellular
phenotype associated with the tissue-wide changes caused by disc degeneration. Green is
actin, blue is nuclei, scale bar = 50 µm.
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innervation and vascularization of the disc, which is avascular and aneural in its juvenile
state37,55.

1.3 The NP cell phenotype and its role in IVD homeostasis
The notochord is the midline structure observed during the embryonic
developmental stages of all vertebrates56,57. It plays a central role in development, having
instructions for the formation of vascular structures, sclerotome development and the
eventual axial skeleton, and other organs56–58. The IVD is a product of sclerotome
segmentation into vertebral bodies on cranial and caudal planes as well as anulus
formation on the outer radial plane, leaving notochordal remnants compartmentalized
within these sclerotome-derived structures50,56,59,60. Cells of the central nucleus pulposus
of the IVD are thus derived from the embryonic notochord61–63. These cells are largely
vacuolated and often observed in large multi-cellular clusters exhibiting a rounded
morphology (Fig. 1.4C)10,34,59.

With aging, NP cells undergo a shift to a more

chondrocyte-like phenotype in mature NP, and eventually, to a more fibroblast-like state
with mild-to-severe degeneration59. Notochordal-like NP cells aid in maintaining IVD
homeostasis through the secretion of several proteins, factors, and signaling molecules64.
The NP has been reported to have an aggrecan-to-type II collagen ratio of
>208,22,65. This ratio is merely ~2 for both the adjacent AF and the bounding hyaline
cartilage of the CEPs22. Immature NP cells secrete transcription factors and signaling
molecules such as brachyury, sonic hedgehog, and hypoxia inducible factor 1-α, all of
which play important roles in the regulation of NP homeostasis9,66–68. Expression of these
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signaling molecules has been observed to strongly decrease (changes ranging from 2-3
fold to nearly 100 fold decreases) with tissue degeneration69.

Marker

Function

Integrin α3 (ITGa3)

Cell-matrix interactions (Nettles, Richardson, & Setton, 2004)

Integrin α6 (ITGa6)

Cell-matrix interactions (Chen et al., 2009)

N-Cadherin (CDH2)

Cell-cell interactions (Hwang et al., 2015)

Glucose transporter 1

Facilitates glucose transport across cell membrane (Rajpurohit,

(GLUT1)

Risbud, Ducheyne, Vresilovic, & Shapiro, 2002)

Hypoxia inducible

Transcription factor regulating anaerobic metabolism (Risbud et

factor 1 alpha (HIF-1α)

al., 2006)

Sonic Hedgehog (Shh)

Regulates notochord patterning and IVD growth/development
(Risbud et al., 2010)

Brachyury (T)

Transcription factor involved in cell differentiation and survival
(Herrmann & Kispert, 1994)

Brain acid soluble

Transcriptional marker with high expression in NP (Minogue et

protein 1 (BASP1)

al., 2010)

Keratin 8, 18, 19

Cytoskeletal filamentous protein, aids in cytoskeletal

(KRT8/18/19)

organization and membrane protein sorting (Minogue et al.,
2010)

Aggrecan (AGC, ACAN)

Extracellular matrix protein (C. L. Le Maitre et al., 2007)

Collagen Type 2

Extracellular matrix protein (Alvarez-Garcia et al., 2018)

(COL2A1)
Table 1: Summary of proposed NP phenotypic markers.
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A prevailing issue associated with the notochordal-like NP cells is that markers
exclusive to the juvenile NP have yet to be defined. Because of this, researchers will
often turn to panels of markers commonly associated with the juvenile phenotype as
outlined in Table 1. Commonly used markers include increased aggrecan and collagen
type II, N-cadherin, stabilized expression of hypoxia inducible factor 1-α (HIF1-α), and
others8,15,25.

1.4 NP cellular interactions with its microenvironment
Cells of the nucleus pulposus reside in a matrix rich in a number of proteins such
as proteoglycans, collagens, laminins, and more21. These provide the residing NP cells
with a variety of ligands capable of stimulating signaling pathways depending on
parameters such as ligand type and density25,70,71. Cell-matrix interactions are important
for initiation and regulation of signaling pathways such as ERK, Akt, and β-catenin among
others (Fig. 1.5A)72,73.

However, it has also been observed that strong cell-matrix

interactions can lead to the formation of focal adhesions, which can in turn initiate
signaling cascades promoting the formation of stress fibers, increased expression of
αSMA, pMLC, and other markers often implicated with a more contractile-like
phenotype74,75. Cell-cell signaling has been proposed to play an equally important role in
mediating NP cell phenotype (Fig. 1.5B). When in their notochordal state, NP cells exhibit
significant degrees of cell-cell interactions. In fact, it has been reported that cells of the
healthy NP can be predominantly found in large clusters with a rounded morphology34,76.
A previous study by Hwang et al. suggested a correlation between increased cluster
formation, N-cadherin expression, and increased expression of a panel of genes

11

associated with the juvenile NP phenotype (including T, ACAN, and COL2)77,78. Antibodymediated function blocking of N-Cad suggested further decreases in protein expression
and a loss of the juvenile NP cell phenotype77. Lastly, it has been observed that as the
number of cell-matrix interactions increases, the number of cell-cell contacts decreases
and vice versa. N-Cadherin further shares scaffolding proteins with integrins and thus

A)

B)

C)

Fig. 1.5: Regulation of cell-cell and cell-matrix interactions. A and B) Adapted from
Fearing et al. 2018. A) Cell-matrix interactions as regulated by substrate stiffness and ligand
type lead to diferential levels of phenotypic marker expression such as aggrecan and type II
collagen deposition, N-Cadherin expression, and others. B) Literature suggests that
increased cell-cell contacts and N-Cadherin expression enhances cell biosynthesis and NP
phenotype. C) Adapted from Cosgrove et al. 2016. Developmental changes and consequent
changes to the extracellular microenvironment affect the type of contacts made by cells.
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leads to similar downstream signaling events as integrin-mediated interactions79,80. It
therefore follows that for retaining a juvenile phenotype, cells of the NP must maintain an
appropriate balance between cell-cell and cell-matrix interactions (Fig. 1.5C).

1.5 Laminins and laminin mimetic peptides
Full length laminins are large heterotrimeric proteins composed of an α, β, and γ
domain81–83. Although many laminin isoforms exist, laminins-111, -511, and -332 are the
most commonly reported in the juvenile NP21,84,85. These contain many adhesive sites
known to interact with NP cells via integrins (including α3, α5, α6, and β1), and syndecans
(including syndecans 1 and 4)70,86–88. It has been observed that the α, β, and γ domains
of laminins interact with one another to form basal lamina, while the globular (LG) domains
remain exposed and available for cellular interactions (Fig. 1.6C)81,89.

It has been

previously suggested that upon culture on soft laminin containing substrates, NP cells
form rounded clusters, and elicit bioactivity and gene expression profiles similar to those
observed in healthy NP tissue (Fig. 1.6A, B)24,25,90. Furthermore, previous work in the
Setton lab suggested an ability to promote subsets of these behaviors by using lamininmimetic peptides (Fig. 1.6E)24–26,70,90.

Interestingly, work in the last decade has

suggested that concurrent engagement of integrin- and syndecan-binding domains may
lead to synergistic adhesive effects87,91–94. It has even been hypothesized that syndecanmediated interactions precede integrin-binding interactions, and consequently facilitate
the latter, promoting focal adhesion formation and cell spreading (Fig. 1.6D)87,91,94.
A key to development of laminin-mimetic peptide presenting substrates is peptide
selection. It is believed that cell adhesion to laminins happens primarily through the LG
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A)

B)

D)

C)

E)

Fig. 1.6: Presentation of laminins and laminin-mimetic adhesive motifs and their effects
on cell adhesion. A and B) Adapted from Francisco et al. 2014. A) Schematic of full-length
laminin functionalization of PEG chains for use as cell culture substrates. B) Soft, laminin
functionalized culture substrates promote significantly higher degrees of matrix deposition than
stiff laminin functionalized and both soft and stiff nonfunctionalized constructs. Same letter
denotes no significance, different letters denote p < 0.0001. Scale bars are 100 µm. C)
Adapted from Barcellona et al. 2020. α, β, and γ domains interact with one another to form
basal membranes, leaving the LG domains available for cellular interactions. D) Adapted from
Denhez et al. 2002. Schematic showing the connections and interplay between syndecans,
integrins, and signaling molecules such as FAK, Rho, Paxillin, and others. E) Adapted from
Bridgen et al. 2017. Cell attachment versus different laminin-derived adhesive ligands, same
letter denotes no difference between samples.
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domains of the protein81,89. Furthermore, while the study of integrin engagement was
widely popularized by the fibronectin-derived RGD motif95–98, recent literature has brought
to attention the largely important role that syndecans play in promoting and mediating cell
adhesions87,94,99,100.

For example, work by Hozumi and co-workers reported that

concurrent engagement of integrin- and syndecan-binding domains led to synergistic
adhesive effects in human dermal fibroblasts91.

This work, along with others, has

hypothesized that syndecan-mediated interactions may temporally precede integrinbinding, promoting cell membrane bulging that in turn facilitates integrin binding and leads
to improved binding kinetics87,91,94,99. Due to this body of literature, we selected integrinbinding IKVAV (including α3, α4, α6, and β1 among others) and syndecan-binding AG73
(syndecan-1 and -4 binding) due to their previously observed cell adhesive properties as
well as to their physical proximity to the LG domains101–103.
Upon engagement of integrins and syndecans, focal complexes are formed.
Following formation, these complexes will either rapidly turn over or undergo a forcedependent transition towards large macromolecular structures called focal adhesions
(FAs)75,104. Studies using fibroblasts have demonstrated that the FAs formed following
cell adhesion to ECM components are the product of the clustering of transmembrane
adhesion receptors, signaling molecules, and adaptor proteins 105,106.

It has been

proposed that, when in their juvenile (notochordal) state, NP cells do not exert strong
contractile forces upon their surroundings, as observed by a lack of α-smooth muscle
actin (αSMA) presence in juvenile NP cells107. However, with mild degeneration, NP cells
shift towards a more chondrocyte like phenotype, and take upon a more fibroblast-like
state with more advanced degeneration108,109. This has been observed to lead to a
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significant increase in αSMA presence within the NP, hypothesized to lead to increased
cell contraction as a means to adapt to the altered mechanical loading of the cells 107.
Of relevance to these studies, paxillin is an effector protein that connects both
integrin and syndecan receptors to the actin cytoskeleton (Fig. 1.6D)105.

Upon FA

formation paxillin is phosphorylated, leading to direct or indirect effects on a number of
signaling molecules such as PI3K-Akt, Rac, GSK3B, and more, many of which have direct
effects on actin polymerization, stress fiber formation, and other outcomes that affect cell
spreading and migration74,104. Other molecules such as vinculin and phosphorylated
myosin light chain (pMLC), both of which have been previously associated with
contractility and regulation of the actin cytoskeleton, may help in furthering our
understanding of the effects of cell shape, intracellular tension, and cytoskeletal
regulation on NP cell phenotype79,110

1.6 In vivo models of disc degeneration
Many models of disc degeneration are currently being used for the study of
pathology and intervention approaches (Fig. 1.7 A-C). A number of genetic approaches
have been developed for the study of disc degeneration, such as the SM/J mice which
demonstrate inhibited potential for chondrogenic regeneration, or the TNF-α
overexpressing Tg197 mice which have spontaneous anular tears and disc
herniations111,112. While these models provide insight into disc degeneration, they often
present systemic issues whose isolated effects on disc degeneration may be difficult to
identify. Mechanical destabilization of the disc is another approach commonly employed
in the study of disc pathology. These methods include things such as disc punctures, tail
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looping, or the use of other mechanical devices to apply abnormal stresses or strains on
the disc113,114.

The different approaches result in differential expression of the

degenerative phenotypes, as well as to different degrees. However, parameters that
A)

B)

C)

Fig. 1.7: Animal models if IVD degeneration. A) Adapted from Choi et al. 2018, figure
shows spontaneous disc degeneration of SM/J mouse line as observed through histological
sections. B) Adapted from Torre et al. 2018. Sublabel A) shows highly organized disc
structure typical of healthy discs, while sublabel B) shows the loss of AF lamella and
collagenization of the NP observed following puncture injury. C) Adapted from Bonnevie et
al. 2019. Loss of intradiscal pressure due to disc injury initiates altered mechanosensing,
promoting a feedback loop that drives aberrant disc remodeling and leads to a fibrotic
phenotype.
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appear to remain relatively constant regardless of the method chosen for promoting disc
degeneration include a decrease in cellularity within the NP, a decrease in disc height
(and reduced tissue hydration), and changes in biochemical composition and protein
expression61,114–116.
Lastly, an important consideration prior to development of an in vivo delivery
approach is the degree of disc degeneration. Severely degenerated discs may pose
difficulty in terms of tissue recovery due to high degrees of tissue stiffening, calcification,
or advanced glycation end products (AGEs), all of which may deem it impossible to deliver
an in situ crosslinked material into the disc space117. Thus, traditional spinal fixation
approaches may be the only reasonable intervention. Alternatively, discs with a low
degree of degeneration may not see a benefit from an invasive treatment, as it has been
widely observed that disruption of the outer AF may promote further disc
degeneration113,118–120. Thus, the development of an approach for in situ crosslinked cellladen hydrogel delivery into the disc may only prove useful for mild-to-moderate degrees
of degeneration.

1.7 Current approaches for tissue regeneration
With different strategies being investigated towards the goal of IVD tissue repair
and regeneration, current debate remains about the benefits of cell-based vs. acellular
approaches108. Table 2 provides a brief overview of different approaches supporting IVD
repair as reported in the literature. Briefly, acellular materials-based approaches most
often focus on providing mechanical support to a degenerated disc, and sometimes
present the discs with cues designed to stimulate native cells residing within the NP space
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in order to promote cell viability and increased matrix deposition17,31,121,122. In fact, many
of these approaches have demonstrated promise due to the ability to provide mechanical
properties similar to those found in healthy IVDs, and with long term mechanical durability
and stable function. While effective in relieving symptoms such as tissue stiffening and
loss of disc height, these materials fall short due to the low regenerative potential they
offer. The disc is naturally low in cell density – an issue that becomes accentuated in
degenerative tissues34,123. Thus, the reliance on a native cell population for phenotypic
modulation may present challenges in terms of effect size and magnitude of phenotypic
recovery.
An alternative approach is thus focused on cell delivery into the NP. Although a
number of different cell sources have been used, including chondrocytes and fibroblasts,
studies have predominantly focused on the delivery of stem cells due to their high
proliferative capacity and ability to differentiate into distinct lineages based on the
provided stimuli124–127. While promising, these approaches have two key limitations.
First, carrier free cell delivery effectively places cells within the desired tissue, but does
not present the delivered cells with any molecular cues needed to promote cell viability
and prevent senescence or degeneration following delivery. Furthermore, the lack of a
cell carrier leads to a measurable degree of cell leaking from the delivery site, which has
been reported to have effects on surrounding tissue as was reported by Vadala et al.,
who observed osteophyte formation following MSC delivery into the IVD space 126. Thus,
an approach to facilitate cell delivery into the degenerated disc by using a functionalized
biomaterial carrier capable of promoting and maintaining the pro-NP phenotype remains
a valuable alternative.
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Scaffold material

Culture type

Alginate

For Rat MSC culture in vitro (Risbud et al., 2004); acellular
delivery into lumbar discs (Tsujimoto et al., 2018)

Type II Collagen-

For Rat MSC culture in vitro (Calderon et al., 2010)

hyaluronan
Atelocollagen

For Rabbit BM-MSC delivery into in vivo disc degeneration
model in rabbits (Sakai et al., 2006)

Gelatin

Acellular gel for platelet rich plasma delivery into degenerated

microspheres

discs in an in vivo rabbit model (Nagae et al., 2007)

Chitosan

For hMSC differentiation in vitro (S. M. Richardson, Hughes,
Hunt, Freemont, & Hoyland, 2008); IVD cell culture in vitro (P.
Roughley et al., 2006)

Functionalized

Human NP cell culture in vitro (Francisco et al., 2013)

PEG
HA-pNIPAM

3D in vitro culture of bovine NP cells (D. H. Kim, Martin, Elliott,
Smith, & Mauck, 2015)

Table 2: Biomaterials- and cell-based approaches towards the treatment and phenotypic
restoration of the NP.

The control of parameters such as substrate elasticity, porosity, stiffness, and
bioactive functionalization as a means for phenotypic regulation has been explored in a
variety of fields ranging from cell differentiation128,129 to modulation of cellular bioactivity
and metabolism90,130. Groups have demonstrated an ability to control cell adhesion
patterns and regulate cell spreading and cytoskeletal organization by controlling the
density of cell adhesive peptide RGD, or by controlling its spatial presentation upon a cell
culture substrate92,131–133. Substrate stiffness is known to have significant effects on cell
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fate and behavior as previously demonstrated by a number of groups including that of
Engler et al. and Huebsch et al. showing control of stem cell lineage by manipulation of
substrate stiffness128,129. Other groups similarly showed effective control of cell spreading
and migration via control of substrate stiffness and elasticity71,134–136. Furthermore, work
by Garcia and co-workers demonstrated effects of biophysical cues of synthetic
substrates on epithelial morphogenesis, and Setton and co-workers showed phenotypic
differences on NP cells when cultured upon laminin-functionalized substrates15,24,25,90,130.
Alternatively, Odde and co-workers developed a model for altering cellular traction forces
not by substrate stiffness manipulation but rather by controlling the density of “clutches,”
or adhesive motifs, available to cells71. In that work, it was suggested that “clutch”
concentration demonstrated a biphasic effect on cell adhesion, with both low and high
clutch densities leading to “cell slipping” and very weak focal adhesions, and an
intermediate clutch density leading to increased traction forces and cell spreading71.
These densities need to be optimized, however, as perceived ligand availability and
substrate stiffness are cell-type dependent. In the current work, we hypothesize that
controlling peptide density on substrates of equal stiffness values using the previously
described IKVAV and AG73 peptides will promote shifts in NP cell behaviors similar to
those observed by controlling substrate stiffness alone.

1.8 Scope of this dissertation
The central hypothesis guiding this work is that a cell carrier with optimal
mechanical properties and adhesive ligand presentation can be employed to promote the
re-expression and preservation of the juvenile phenotype of the NP.

21

Specific Aim 1: Control of Adhesive Ligand Density for Modulation of
Nucleus Pulposus Cell Phenotype in 2D. Maleimide-terminated 8-arm star PEG will
be pre-conjugated with cysteine-terminated integrin-binding IKVAV and syndecanbinding AG73 peptides. Substrate stiffness will be modulated with simultaneous control
of adhesive-ligand density. The produced phenotypic effects on degenerative primary
human NP cells will be assessed by surveying properties established in the literature as
markers of the juvenile NP (such as cell morphology, clustering behaviors, and gene and
protein expression). Hypothesis: stiff hydrogels functionalized with the optimal ligand
density, using specific integrin- and syndecan-binding domains, will promote reexpression of the juvenile phenotype in degenerative human primary NP cells to a similar
degree as the previously-established soft laminin-presenting substrates.
Specific Aim 2: Development of an in vitro 3D cell encapsulation and culture
system for phenotypic control. Following the observations of the phenotypic shifts
promoted by cell culture upon 2D peptide functionalized materials, we sought to
determine the feasibility of culture of NP cells in a 3D microenvironment. Evaluation of
outcomes will be based on the ability of cells to maintain a metabolically active phenotype
following cell encapsulation in vitro. Hypothesis: culture of adult human degenerative
NP cells encapsulated within 3D peptide-functionalized stiff hydrogels will promote and
maintain increased cell bioactivity, protein deposition, and gene expression levels to
similar degrees as the positive soft PEG-LM control.
Specific Aim 3: In situ crosslinked cell-laden hydrogel delivery into the
intradiscal space for recovery and maintenance of the healthy NP phenotype in an
in vivo model of disc degeneration. In this aim, we will explore the ability of our
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hydrogel constructs to serve as a proper treatment for the arrest and reversal of mild-tomoderate intervertebral disc degeneration in a previously established disc puncture
model in rats. Hypothesis: Delivery of an in situ crosslinked cell-laden hydrogel to the
degenerative disc space will increase and help maintain tissue cellularity while supporting
matrix deposition and cell bioactivity, leading to a partial restoration of the juvenile state
of the disc as quantified by disc height measurements and histological evaluation of
protein expression.
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Chapter 2
Control of Adhesive Ligand Density for Modulation of
Nucleus Pulposus Cell Phenotype in 2D
Adapted from: Barcellona MN, et al. “Control of adhesive ligand density for
modulation of nucleus pulposus cell phenotype”, Biomaterials, 250, 2020, PMCID:
PMC7608136

2.1 Introduction
It has been widely observed that age and maturation lead to significant structural
and biochemical changes in the intervertebral disc15,16,19,22,23,37 that are strongly linked to
early changes in the nucleus pulposus19,22,37,66. In their juvenile state, the notochordallyderived cells of the NP secrete a matrix that is largely distinct from the cells in the adjacent
anulus fibrosus8–11. This matrix is highly hydrated (~90% water by wet weight in healthy
tissue) and is rich in both non-fibrillar and fibrillar collagens (predominantly collagen II),
proteoglycans, and an array of other proteins such as laminins and fibronectin12–14,22.
Degeneration-associated changes in the NP include loss of hydration and tissue stiffening
with reported values for NP shear moduli of <1 kPa and 10-20 kPa in the healthy and
moderately degenerated NP, respectively14–17,137.

These changes occur with a

concomitant loss of sulfated glycosaminoglycans (sGAGs) and collagen II, increases in
collagen I, reduced cell density, and phenotypic shifts in the notochordal-like NP cell
population toward a more fibroblast-like state8,21. This is further observed with changes
in gene expression profiles and biosynthesis of extracellular matrix for cells of the NP,
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and an associated inability to repair tissue damage or maintain a healthy
microenvironment10,37.
Control of substrate properties as a means for phenotypic regulation has been
explored for a variety of applications ranging from cell differentiation 128,129 to modulation
of bioactivity and metabolism25,90,100,130. Studies such as those by Connelly and coworkers92 and Burdick and co-workers131 demonstrate an ability to promote changes in
cell spreading and cytoskeletal organization in bone marrow stromal cells (BMSCs) and
osteoblasts, respectively, by controlling the density of cell adhesive RGD peptide
presented on a substrate. Another study by Maheshwari and co-workers demonstrated
that similar control over cytoskeletal regulation could be achieved in murine fibroblasts
not by manipulation of RGD density, but rather through control of its spatial presentation
on poly(ethylene oxide) tethers132.

While integrin-mediated adhesions have been

popularized through the use of the fibronectin-motif RGD95–97 it has been established that
cell-matrix interactions are mainly mediated by both integrins and syndecans 87,99,100.
Importantly, work by Hozumi and co-workers using human dermal fibroblasts cultured
atop substrates functionalized with integrin-binding EF1 and syndecan-binding AG73
peptides suggested that concurrent engagement of these domains leads to synergistic
adhesive effects91. It has further been hypothesized that syndecan-mediated interactions
temporally precede integrin-binding interactions, and accordingly facilitate such
mechanisms, thus promoting improved binding kinetics87,91,99.
Full-length laminins are large heterotrimeric proteins composed of an α, β, and γ
domain81–83. These domains are known to interact with each other to formal basal
membranes, while the globular (LG) domains remain exposed and function as the primary
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site for cell interactions81,89. Laminins are present in the pericellular matrix of NP cells,
and contain many adhesive sites known to interact with NP cells via integrins (including
α3, α5, α6, β1, and β4), and syndecans (including syndecans 1 and 4) 70,86–88. Studies
using disc cells have demonstrated that functionalization of stiff substrates with different
full length proteins (collagen, laminin-111) promoted overall increased expression of the
degenerative phenotype as observed by decreased metabolic activity, decreased levels
of gene expression, and a fibroblast-like morphology15,24,90. However, work has also
demonstrated the ability for degenerative NP cells to re-express subsets of the juvenile
phenotypic state following culture upon a laminin-111 functionalized soft poly(ethylene
glycol) (PEG) substrate15,24,90. Specifically, upon culture on soft PEG-LM hydrogels, it
was observed that cells would form rounded multi-cell clusters similar to what is observed
in native tissue76, with a concomitant increase in mRNA levels of a panel of genes
associated with the juvenile cell state, including ACAN, COL2A1, and GLUT1 15,24,26.
Previous work has suggested an ability to reproduce some features of laminininduced behaviors24,26 by using short laminin-mimetic peptides25,70,90. Specifically, work
by Bridgen and co-workers25 demonstrated an ability to regulate cell adhesion and gene
expression profiles in primary human NP cells by coupling single laminin-mimetic
peptides to polyacrylamide hydrogels. While this study identified a number of peptides
found within full length laminins based on their reported abilities to engage specific
integrins, our interest here is in peptides found in or near the LG domains and reported
to bind cells through a variety of integrin and syndecan receptors.
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In the present work, we propose a dual-peptide-functionalized hydrogel scaffold
with tunable mechanical properties and adhesive ligand presentation for control of NP
cell morphology and phenotype. Maleimide-thiol (MAL-SH) coupling chemistry is
employed for rapid, efficient, and stable peptide-conjugation and hydrogel formation in a
PEG-based system138,139. Our objective is to develop a stiff peptide-presenting and
biocompatible hydrogel with an ability to support restoration of a juvenile cell phenotype
for primary NP cells from degenerative human NP tissues.

8-arm PEGMaleimide

Peptide
Functionalized PEGMaleimide

Thiol
terminated
peptides

SH-PEG-SH

pH 3.25-7.4

+

+

Fig. 2.1. Schematic of PEG backbone functionalization, hydrogel formation, and control
of peptide density or substrate stiffness.

2.2 Materials and Methods
2.2.1 Hydrogel preparation
Maleimide terminated 8-arm star poly(ethylene glycol) (PEG-8MAL, MW 20K,
Creative PEGWorks, Durham, NC) was first dissolved in 1X PBS pH 3.25 for improved
control of reaction kinetics138.

Lyophilized, cysteine terminated IKVAV and AG73

peptides (full sequences for IKVAV and AG73: CSRARKQAASIKVAVSADR, and
CGGRKRLQVQLSIRT respectively, GenScript, Piscataway, NJ) were likewise dissolved
in 1X PBS pH 3.25. A maleimide-thiol Michael-type addition reaction was employed both
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for peptide conjugation and hydrogel formation. Peptide solution was first added to the
PEG-8MAL solution in order to conjugate peptides to the PEG-8MAL backbone. A small
PEG-dithiol (SH-PEG-SH, MW 600, Creative PEGWorks, Durham, NC) crosslinker
dissolved in 1X PBS pH 3.25 was then added to initiate hydrogel formation (Fig. 2.1).
Gels were made by pipetting the pre-cursor polymer solutions into a flat mold (composed
of 2 glass slides separated by a 3D printed “U” shaped spacer, 1.5 mm thick; slides were
covered with parafilm to prevent hydrogel sticking). Following hydrogel formation, gels
were cut into discs with a 5 mm disc punch, placed in wells of a 96 well plate, and then
neutralized with 1X PBS pH 7.4 and allowed to swell to equilibrium volume. Hydrogel
stiffnesses were controlled by changing the percentage PEG weight per total gel volume
(%w/v).

2.2.2 Substrate characterization
For mechanical testing, PEG-peptide hydrogels were synthesized as described
above. The gels were then cut into discs 8 mm in diameter and roughly 2 mm thick using
a disc punch. All samples were tested in oscillatory shear using an AR-G2 Rheometer
(TA Instruments, New Castle, DE). Samples were placed on a pre-heated plate, allowed
to reach 37°C, and subjected to a pre-loading step of 0.015 N. Following, a 10%
compressive strain was applied, and the samples were allowed a 2-minute conditioning
step for relaxation. Samples were then subjected to oscillatory torsional strains (1 – 10
rad/s with a constant shear strain (γ) of 0.01), and complex shear modulus (|G*|) was
reported for all samples at an angular frequency of 10 rad/s. Due to the short timeframe
needed for rheological assessments, no signs of sample dehydration were observed. To
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determine MAL-SH coupling efficiency, 775 µM SH-PEG-FITC (MW 10K, BiochemPEG,
Watertown, MA) was added to the 8-arm PEG-MAL and allowed to react for 1 hour at
room temperature in 1X PBS pH 7.4. The conjugated PEG-8MAL-FITC solution was then
passed through a 10K filter spin column four times in order to remove any unconjugated
FITC.

Fluorescence was then measured (Ex/Em 488/525) using a plate reader

(PerkinElmer EnSpire Multimode Reader, Waltham, MA) to calculate the concentration of
conjugated PEG-8MAL-FITC.

2.2.3 NP cell isolation
Primary human adult NP cells (n≥3, both sexes, ages 35-72) were isolated from
to-be-discarded tissue of patients undergoing surgical treatment for degenerationassociated complications (exempt from IRB review, Washington University Institutional
Review Board) as previously described25.

Briefly, NP fragments were identified,

separated from the surrounding AF and cartilaginous tissue, and digested for 2-4 h at
37°C and 5% CO2 in digestion medium containing 0.4% type 2 collagenase (Worthington
Biochemical, Lakewood, NK) and 0.2% pronase (Roche, Basel, Switzerland).

The

digestion medium was then passed through a 70 µm filter. The remaining cell suspension
was spun down for 10 minutes at 400 rcf, and the resulting cell pellet was resuspended
and cultured in culture media (Ham’s F12 medium (Thermo Fisher Scientific, Waltham,
MA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin).
Cells were passaged at least one time prior to usage and used prior to passage 4.

29

2.2.4 Morphological analysis
To study the dependence of ligand type on cell-matrix interactions, stiff (15% PEG
w/v) gels were made with a total of 400 µM peptide in wells of a 16 well chamber slide
(Nunc Lab-Tek Chamber Slide Systems™) using either IKVAV, AG73, or equimolar
amounts of both. Cells cultured upon noncoated TCPS were used as control conditions
when appropriate. Primary adult human NP cells were seeded on the constructs at a
density of 8,000 cells/well in culture media, and allowed to attach for 24 hours at 37°C
and 5% CO2. Following the incubation period, cells were fixed with 4% paraformaldehyde
(PFA) and stained with Alexa FluorTM-488 Phalloidin (InvitrogenTM, Carlsbad, CA) for Factin detection and 4′,6-diamidino-2-phenylindole (DAPI, 2 µg/mL, Sigma-Aldrich, St.
Louis, MO) as a nuclear counterstain. Measures of cell body circularity, spread area, and
clustering were obtained using the CellProfiler™ software. Data was stratified into single
cells, small clusters (<5 cells), and large clusters (n≥5 cells) in order to profile phenotypic
differences due to cluster size as suggested by the literature34,76.

2.2.5 Percent cell adhesion
In order to identify adequate working concentrations of total peptide, stiff hydrogel
constructs were conjugated with peptide densities ranging from 0 µM (i.e.
nonfunctionalized) to 400 µM peptide. Cells were seeded on these constructs at 8,000
cells/well in 16-well chamber slides and incubated in culture media for 24 hours at 37°C
and 5% CO2. Cells were then lysed, and percent cell adhesion was determined using the
Cell-Titer GLO® (Promega, Madison, WI) plate reader assay following manufacturer
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protocols in a PerkinElmer EnSpire Multimode plate reader (Waltham, MA) and
normalized to the number of cells seeded on the substrate.

2.2.6 Immunocytochemistry
In order to evaluate the ability to use stiff substrates to mimic the behavior of soft
materials, both soft (4% PEG w/v) and stiff (15% PEG w/v) constructs were functionalized
with either 50, 100, 200, or 400 µM peptide using equimolar amounts of IKVAV:AG73 as
previously described. Markers were selected following recommendations from the Spine
Research Interest Group as published in the 2015 consensus paper 8. Primary adult
human NP cells were seeded at a density of 8,000 cells/well on the appropriate gel
conditions placed in wells of a 16-well chamber slide and maintained in culture media for
24 hours at 37°C and 5% CO2. Cells were then fixed in 4% PFA for 10 minutes, rinsed
with 1X PBS (+Ca, +Mg), and permeabilized with 0.2% TritonX-100 (Sigma-Aldrich, St.
Louis, MO). Constructs were blocked with 3.75% bovine serum albumin (MilliporeSigma)
and 5% goat serum (Thermo Fisher Scientific) and immunolabeled with either mouseanti-N-Cadherin (1:150, Sigma-Aldrich), rabbit-anti-BASP1 (1:150, Abcam, Cambridge,
United Kingdom), mouse-anti-PanCytokeratin (1:200, Sigma-Aldrich), rabbit-anti-Paxillin
(1:100, Abcam), rabbit-anti-phospho-myosin light chain (pMLC, 1:100, Cell Signaling
Technology, Danvers, MA), rat-anti-YAP-TAZ (1:100, Santa Cruz Biotechnology, Dallas,
TX), or Alexa-conjugated phalloidin (1:250, Invitrogen). The proper isotype controls were
used for each antibody. AlexaFluorTM (Invitrogen) secondary antibodies were applied
using a dilution of 1:250, and cells were counterstained with DAPI (2 µg/mL, SigmaAldrich). F-actin fiber orientation was obtained by staining cells with DAPI and phalloidin,
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then analyzing the confocal images using the OrientationJ ImageJ plugin, where an
output of one indicates strong fiber orientation in the same direction and a value of zero
would reflect no fiber-alignment.

For quantification of protein expression from

immunostained samples, a minimum of three fields of view from no less than three
independent human donors were analyzed. In each sample, cell outlines were traced,
and mean fluorescence intensity signal was quantified by obtaining the raw signal
intensity, normalizing to the cell area, and subtracting background (ImageJ, National
Institutes of Health, Bethesda, MD). Ratio of nuclear-to-cytosolic YAP localization was
likewise analyzed using ImageJ. Paxillin data was quantified following the protocols
outlined by Horzum et al.140.

2.2.7 Gene expression
Gene expression was assayed using qPCR on an Applied Biosystems TM
StepOnePlusTM Real-Time PCR System (Software v2.3, Foster City, CA). As above,
markers were selected following the recommendations set in the 2015 consensus paper 8.
Briefly, 100,000 primary adult human NP cells were seeded on the appropriate gels made
Primer Probe

Common Name

Applied Biosystems No.

ACAN

Aggrecan (AGC)

Hs00153936_m1

COL2A1

Collagen type II

Hs00156568_m1

CDH2

N-Cadherin

Hs00983056_m1

SLC2A1

Glucose transporter 1 (GLUT1)

Hs00892681_m1

GAPDH

Housekeeping gene

4332649

18S

Housekeeping gene

Hs99999901_s1

Table 3: Primers used for RT-qPCR study of 2D cell culture of adult human NP cells.
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in wells of a 4-well chamber slide in duplicate and maintained in culture media for 4 days
at 37°C and 5% CO2. Following the incubation period, the cells were lysed using RLT
buffer (Qiagen, Hilden, Germany) + 1% mercaptoethanol and stored at -80°C until ready
for RNA isolation.

Isolation was done using the QIAGEN

TM

Mini kit following

manufacturer instructions. Briefly, samples were homogenized using a QIAshredder TM
column and passed through an RNeasy spin column in order to bind RNA to the
membrane. The sample was then washed, and DNA was digested using DNAse I. RNA
was eluted with RNAse-free water. RNA concentration and purity were determined using
the 260/280 ratio in a NanoDrop™ system (ThermoFisher Scientific, Waltham, MA). RNA
was then converted to cDNA using the iScript cDNA Synthesis Kit (BioRad, Hercules,
CA). qPCR was used to detect amplification of aggrecan (ACAN), collagen 2 (COL2A1),
N-Cadherin (CDH2), and glucose transporter 1 (GLUT1) (Table 1, Applied Biosystems)
using the ∆∆Ct method, with the first ∆ being normalization of the gene to housekeeping
genes 18S and GAPDH, and the second ∆ being normalization to a control substrate, in
this case tissue culture polystyrene (TCPS, Fig. 2.8) or soft PEG-laminin hydrogels (Fig.
2.9).

2.2.8 Biosynthesis assays
sGAG production was assayed using 1,9-dimethyl-methylene blue zinc chloride
(DMMB, Sigma-Aldrich). Briefly, primary human NP cells were seeded on gels made in
wells of a 96 well plate and maintained in culture media for 4 days at 37°C and 5% CO2.
The entire cell-gel construct was then digested in papain buffer (5 mM EDTA, 5 mM LCysteine, 125 µg/mL papain in PBS) overnight at 60°C. sGAG concentration in the
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digested constructs + supernatant media was determined against chondroitin sulfate
(Sigma-Aldrich) standards and normalized to DNA content obtained using the Quant-iT
™ PicoGreen® dsDNA kit (Invitrogen) following manufacturer recommendations.
Hydrogel constructs without cells were used as negative controls to correct for any
colorimetric interference introduced by the gels.

2.3 Results
2.3.1 Substrate characterization
Mechanical testing of the hydrogel constructs indicated moduli of ~500 Pa for the
soft (4% PEG w/v) substrates, and >10kPa for the stiff (15% PEG w/v) substrates (Fig.
2.2A), indicating significant differences in stiffness similar in magnitude to those
previously reported to elicit differential behaviors in NP cells25. Inclusion of peptides
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changes in hydrogel stiffness (Fig. 2.2B). Coupling efficiency through the quantification
of a fluorescent FITC tag indicated that >90% of the added SH-PEG-FITC were bound
(Fig. 2.2C).

These results were further confirmed through the use of a maleimide

quantification kit following manufacturer recommendations (data not shown).

2.3.2 Co-presentation of syndecan- and integrin-binding peptides promotes
improved cell attachment and morphological differences
Hydrogels with IKVAV alone, AG73 alone, or equimolar amounts of IKVAV:AG73
were made directly in wells of a 16 well chamber slide. It was observed that co-inclusion
of the integrin- and syndecan-binding domains led to significant increases in adherent cell
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numbers compared to either single peptide system (Fig. 2.3A). Furthermore, both AG73only and IKVAV-only substrates promoted attachment predominantly as single cells, while
equimolar inclusion of AG73 and IKVAV was able to promote increased cluster formation
(defined as bodies containing ≥5 nuclei, Fig. 2.3B). Distinct morphologies were observed
on the different substrates. Cells on AG73-only gels displayed a more rounded, less
spread phenotype, while cells cultured atop the IKVAV-only substrates exhibited a more
fibroblast-like phenotype with strong protrusions being observed (Fig. 2.3C, D, E).

2.3.3 Ligand density controls morphological behaviors in both soft and stiff
hydrogel systems
Given the synergistic effects on cell adhesion and morphology previously
described, we sought to investigate the roles of substrate stiffness and ligand density on
cell behaviors. Hydrogels were synthesized at both ~500 Pa (4% PEG w/v, “soft”) and
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Fig. 2.4: Characterization of cell adhesion and clustering. A) Increasing peptide density
above 50 µM in both soft and stiff substrate leads to increased cell adhesion. B) Increasing
peptide density leads to nonsignificant trends towards increased cluster formation, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, using one-way ANOVA with Tukey's multiple
comparison's test
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~10 kPa (15% PEG w/v, “stiff”), each with equimolar amounts of IKVAV and AG73
peptides. At 50 µM, less than ~40% cell adhesion was observed at either stiffness. This
increased to ~75% at 100 µM peptide. No significant differences were observed in cell
adhesion with increasing peptide density above 100 µM, with significance only being
observed between all peptide densities and the 50 µM conditions (Fig. 2.4A, Fig. 2.3D).
A trend toward increased cluster formation was also observed as a function of peptide
density (Fig. 2.4B).
Increasing ligand density led to significantly increased cell spreading and
decreased circularity in cells found in large clusters, although no differences were
detected in single cells (Fig. 2.5A, B, Supplementary Figure 3). Specifically, cell cluster
data suggested significant differences between the 100 µM and 400 µM conditions at
both stiffness levels. To test the hypothesis that stiff low peptide systems can elicit
responses similar to those observed in the soft conditions, these data were re-plotted to
compare soft substrates to the stiff 100 µM condition using a one-way ANOVA with
Dunnett’s multiple comparison’s test. Here, we observed that the decreased peptide
density stiff system exhibited little to no differences to the soft constructs (Fig. 2.5D). Cells
cultured upon stiff substrates at 400 µM total peptide were observed to undergo a
morphological shift toward a more fibroblast-like spread morphology, with higher degrees
of cell spreading and significantly decreased circularity.

More aligned fibrillar actin

structures became evident on stiff substrates at 400 µM peptide, while stiff 100 µM and
soft substrates exhibited more cortical actin (Fig. 2.5C, E).
The stiff 400 µM condition along with TCPS promoted the formation of paxillinpositive mature focal adhesions (FAs), while no other substrate (soft 400 µM, soft PEG-
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LM, or stiff 100 µM) led to these observations (Fig. 2.6A, D). We further observed a
correlation between cell area, circularity, and paxillin presence, with more spread and
less rounded cells promoting higher degrees of paxillin presence. A significant increase
in pMLC positive cells on stiff 400 µM compared to stiff 100 µM substrates further
suggests a shift towards a more fibroblast-like contractile phenotype (Fig. 2.6C, D).
It has been previously suggested that stiff substrates promote the observed
fibroblast-like behavior15,24,25,90. Interestingly, we observed that degenerative primary NP
cells cultured upon stiff substrates at 100 µM total peptide underwent a shift back towards
a more “juvenile” rounded morphology, exhibiting lower degrees of spreading, decreased
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actin alignment, and increased cluster circularity (Fig. 2.5D, E), with increased
cytoplasmic vacuole presence becoming apparent (Fig. 2.7). Cytoplasmic vacuoles are
a consistent marker of the notochord and notochordally derived NP cells which have been
observed to be lost as NP cells become more chondrocyte-like with tissue
maturation10,141. When comparing the stiff 100 µM data to the stiff 400 µM data, we
observed significant differences between the slopes of the simple linear regression fits of
total spread area versus total paxillin area, suggesting a correlation between cell
spreading and paxillin presence (Fig. 2.6B). The behaviors observed in stiff 100 µM
systems were consistent with those observed in soft substrates at any peptide density.
The data suggests that stiff hydrogel systems with decreased adhesive-ligand
presentation are able to guide degenerative cells toward a more juvenile-like morphology
in a similar manner as the soft peptide-coupled substrates.

2.3.4 Decreasing peptide density on stiff hydrogel substrates promotes altered
gene and protein expression levels versus high peptide density stiff constructs
and TCPS
Primary adult human NP cells were cultured upon either stiff hydrogels
functionalized with 100 or 400 µM total peptide (equimolar amounts of IKVAV:AG73), or
upon TCPS. Changes in mRNA levels of a panel of genes (Table 1) associated with the
juvenile phenotype of NP cells were studied using qPCR. It was observed that the stiff
100 µM condition led to higher mRNA levels of all the pro-NP phenotypic genes studied
(ACAN, COL2A1, CDH2, GLUT1) than the stiff 400 µM system and TCPS (Fig. 2.8A).
Quantification of immunocytochemistry of proteins associated with the juvenile phenotype
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also suggested significantly increased protein expression levels in cells cultured atop stiff
100 µM than both stiff 400 µM and TCPS (Fig. 2.8B, C).
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Fig. 2.7: Evidence of vacuole formation. A) All substrates tested promoted significantly
increased vacuole formation versus cells cultured on TCPS, as quantified via
monodansylcadaverine (MDC) staining. B) Brightfield images of vacuole formation. n≥3 human
donors. * p<0.05, **p<0.01, using one-way ANOVA with Dunnett’s multiple comparisons test.

2.3.5 Stiff low peptide systems promote gene and protein expression levels similar
to those observed on soft peptide-functionalized and full-length laminin
functionalized constructs
Soft laminin-conjugated PEG hydrogels (PEG-LM) have been previously
demonstrated to promote expression of a more juvenile phenotype in degenerative NP
cells over other substrate types such as stiff PEG-LM, LM-coated TCPS, and collagen
gels15,24,70. Thus, soft PEG-LM was chosen as the positive control for these studies. It
was found that the stiff 100 µM and soft 400 µM PEG-peptide systems had similar to or
higher levels of gene expression than those observed in the soft PEG-LM control (Fig.
2.9A). Matrix deposition genes ACAN and COL2A1 were significantly upregulated in both
PEG-peptide systems versus soft PEG-LM. Expression of CDH2 was highest in the stiff
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100 µM system, and GLUT1 expression was modestly higher in both PEG-peptide-gels
when compared to soft PEG-LM, although these differences did not reach statistical
significance due to high patient-to-patient variability. Levels of protein expression in PEGpeptide systems were also similar to or higher than those observed in the soft PEG-LM
control (Fig. 2.9B, C). A modest decrease in cell viability was observed in both stiff 100
µM and soft 400 µM peptide systems versus soft PEG-LM, although levels of sGAG
production were similar to that of soft PEG-LM (Supplementary Figure 4). A limitation of
this dataset is that in order to focus on the goal of understanding the stiff low peptide
density system behaviors, sGAG production was not measured at every substrate
stiffness and peptide density.

2.4 Discussion
Acrylate-thiol coupling chemistry was first employed for hydrogel preparation as
demonstrated by Francisco et al.142.

These hydrogels exhibited physical properties

similar to the desired parameters for soft and stiff as previously reported. However, the
shortcoming of this chemistry was the rapid hydrolysis rate of the acrylate-thiol bond,
which led to rapid gel breakdown. Specifically, it was observed that regardless of gel
composition (i.e. variability in % PEG w/v), PEG chain molecular weight, or crosslinked
size, gels hydrolyzed in roughly two weeks. Because of this, the shift towards the
described maleimide-thiol coupling chemistry was made.

Like the acrylate-thiol

chemistry, maleimide-thiol coupling is a Michael-type addition reaction that promotes
step-wise chain additions between the free thiols and the functional -ene groups in the

44

PEG chain (Supplementary Figure 1)143. For maleimide-thiol coupling, pH control is of
crucial importance, as outlined by Darling et al. (Supplementary Figure 2)138. Addition of
PEG-diSH crosslinker to the PEG-8MAL at neutral pH led to hydrogel formation in less
than 5 seconds, leading to turbulent mixing and potentially heterogeneous hydrogel
formation (Supplementary Figure 2A).

While neither peptide density nor reaction

temperature had significant effects on reaction kinetics (Supplementary Figure 2B, C),
decreasing pH to 3.25 led to crosslinking times shifting from 5 seconds to roughly 15
minutes, allowing for mixing of the solutions and promoting homogeneous hydrogel
formation (Supplementary Figure 2D).

While fast reaction kinetics provide a clear

advantage for in vivo delivery work due to decreased risk of leakage at the time of in situ
delivery, this is a parameter that was avoided for 2D cell culture as it presented difficulties
in gel characterization and cell imaging. Thus, reactions were carried out in acidic pH for
all characterization-based experiments.
Previous studies of varying cell types have suggested that mechanical cues of
micro-environment can be used to modulate cell phenotype15,90,129,130,136. Recent work in
IVD cells has further suggested that cell shape may be an important regulator of
phenotype, as observed by close interactions between cell shape and regulatory activities
of YAP, TEAD, SRF, and other factors such as matrix deposition and gene expression
profiles15,144. Specifically, previous work has reported an ability to induce phenotypic
shifts in degenerative NP cells toward a juvenile-like state through culture upon soft PEGLM substrates, while their stiffer counterparts led to a more degenerative-like
phenotype15,24,26,90. The current work supports and further builds upon these findings by
demonstrating tunable peptide-conjugated hydrogel constructs able to promote
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phenotypic shifts both by control of bulk substrate stiffness, and by control of adhesive
ligand presentation. A major finding of this work was the ability to promote increased
expression of juvenile markers of NP cells by controlling the adhesive ligand presentation
rather than the stiffness of the underlying scaffold.
It has been previously hypothesized that large degrees of crosstalk and codependence exist between different cell-adhesive domains such as the integrin-binding
and syndecan-binding domains studied here87,91,145. Functionalization of hydrogels with
either integrin-binding or syndecan-binding peptides alone led to different morphologies
and adhesion profiles.

The co-presentation of the integrin- and syndecan-binding

domains led to improved cell adhesion and morphologies that were an intermediate
between the two single peptide outcomes. Prior work on integrin-syndecan crosstalk has
suggested that the long heparan sulfate chains of syndecans, which may extend up to
500 nm, enable interactions between the cell and its surroundings 145. These syndecanmediated interactions appear to facilitate integrin-mediated adhesions, leading to cellmembrane protrusions that enable integrin-rich domains at the polymerizing tips of actin
that initiate formation of the stronger cell-matrix contacts145,146. Importantly, work carried
out using the A375-SM human melanoma cell line, which looked at pathway activation in
different combinations of syndecans and integrin dimers, elucidated that crosstalk
between integrins and syndecans is highly specific, with only particular combinations of
receptor pairs leading to pathway activation98. The integrin-binding peptide used in our
studies, IKVAV, is thought to bind through a number of integrin dimers containing the
chains α3, α4, α6, and β1 depending on cell type102,147 although there exist discrepancies
on this matter in the literature. Similarly, AG73 has been proposed to bind through
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syndecans 1, 2, and 4 also depending on cell type 147. We thus believe that the broad
range of adhesive domains that can be engaged by the IKVAV-AG73 pair studied here
likely plays a role in enabling the observed synergistic effects upon dual peptide coupling.
The FA adapter protein paxillin has been suggested to be responsible for
recruitment of structural and signaling molecules to adhesive sites148. The focal adhesion
kinase (FAK)-paxillin complex has further been suggested to play a role in Rho-family
GTPase activity and can lead to actin regulation149.

Integrin engagement with the

extracellular matrix leads to paxillin phosphorylation and promotes the assembly of
FAs104. Syndecans, specifically syndecan-4, have also been observed to directly interact
with paxillin via the cytoplasmic syndesmos proteins105. Recent work looking at substrate
stiffness and its regulation of NP focal adhesion formation suggested that inhibition of
FAK led to decreased actin bundling and increased gene expression of ACAN, COL2A1,
and MMP13 amongst others150. In our study, stiff 400 µM substrates as well as TCPS
led to the formation of paxillin-rich focal adhesions and strongly aligned F-actin filaments,
while soft gels or stiff 100 µM substrates did not promote cell spreading, stress fibers, or
mature focal contacts. Because both integrins and syndecans have direct interactions
with FA proteins, specifically paxillin, decreasing the availability of adhesive domains (e.g.
400 µM to 100 µM) may lead to the observed inhibition of FA formation and the
subsequent observed effects on cell shape. The data presented here thus suggest that
cell shape may play a role in the phenotypic state of NP cells.
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Phosphorylated myosin light chain (pMLC) is known to be associated with actin
filament formation, cellular stiffness, and migration, and is essential for the initiation of
cellular contraction110,151,152. We observed that upon culture on our stiff 400 µM peptideconjugated substrates, over 30% of the cells stained positive for pMLC, while fewer than
10% of the cells on stiff 100 µM substrates stained positive. Interestingly, not all cells
within a cluster stained positive for pMLC, an observation that was repeated in focal
adhesion formations (Fig. 5D). These results may suggest that on stiff 400 µM peptideconjugated substrates, cells on the periphery of clusters continuously probe their
surroundings leading to high degrees of spreading and the observed immunostaining
patterns. However, on the stiff 100 µM substrates, the reduced presentation of adhesive
ligands and consequent inhibition of focal contacts and stress fiber formation prevents
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this from occurring.
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Fig. 2.10: YAP translocation in cells cultured upon peptide-functionalized biomaterials.
Stiff 400 μM substrate promotes more nuclear translocation of YAP than all other substrates
tested. n≥3 human donors. **** p<0.0001. One-way ANOVA with Tukey’s multiple
comparisons test. In images, green is YAP. Scale bar is 50 µm.

For cells cultured on stiff 400 µM peptide-conjugated substrates, cells were
observed to spread and simultaneously display higher degrees of nuclear translocation
48

of YAP; in contrast, cells on stiff 100 µM peptide-conjugated substrates as well as all soft
substrates tested exhibited a more rounded and less spread morphology along with lower
levels of nuclear translocation and thus more cytosolic YAP (Fig. 9). These findings are
consistent with the prior observations for IVD cells that cell shape may be a dominant
driver of YAP/TAZ activation and translocation to the nucleus, not substrate stiffness
alone15,144. Indeed, a recent study showed that in the absence of distinct morphological
changes, a targeted YAP siRNA knockdown was not enough to elicit effects on
transactivation of the downstream targets TEAD or SRF that regulate fibroblast-like
phenotypes in many cell types; thus, YAP alone may not be a true indicator of how cells
sense or transduce stimuli in their microenvironment15. Although further assessment of
upstream signaling molecules may be necessary, our observations of elevated nuclear
localization of YAP in combination with highly spread morphologies may still be indicative
of an altered mechanoresponsive state.
All substrates in this study promoted cell-cell contacts, as observed by higher
numbers of cell clusters and increased expression of N-Cadherin on all peptideconjugated PEG hydrogels. It has previously been observed that as the number of one
type of interaction (e.g. cell-cell contacts) increases, the number of other contacts (e.g.
cell-matrix) is reduced79,153. Interpreting this observation in light of our study findings for
NP cells, we conclude that both soft and stiff-low peptide presenting substrates inhibit
cell-matrix interactions and drive cells to higher levels of cell-cell contacts. The induced
decrease in cell-matrix interactions is likely responsible for the reduced ability to form
mature focal adhesions and stress fibers. We and others have previously shown Ncadherin to be a key player in modulating cell-cell contacts that promote increased
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expression of markers associated with the juvenile phenotype of NP cells26,154. Indeed,
the ability for a peptide-hydrogel system to promote increased expression of N-cadherin
in low-expressing cells (i.e. pathological adult NP cells), may be a key driver of healthy
and functional cell-cell contacts that promote the appropriate cell phenotype. N-cadherin
has been demonstrated to play significant roles in the initiation and maintenance of
various transduction pathways associated with chondrogenic processes and cellular
condensations155.

Specifically, N-cadherin has been observed to bind the actin

cytoskeleton via catenins, and cell-cell along with cell-matrix interactions then aid in the
condensation processes associated with the segmentation of the notochord and
formation of the N-cadherin rich NP and N-cadherin lacking AF, similarly to what has been
reported during embryonic development of the skeletal system78,155.

Thus, moving

forward it may be beneficial to support integrin-, syndecan- and cadherin-mediated
interactions through the functionalization of hydrogel systems with adhesive domains
derived from N-cadherin, as has been explored by Burdick and co-authors for
chondrocytes79,156.
Overall, in the present study, we demonstrate that close control of peptide
selection and peptide presentation can lead to a more juvenile NP cell phenotype
regardless of substrate stiffness. The absence of mature focal contacts and stress fibers
observed in the substrates that promoted the most juvenile-like phenotype may further
indicate that reduced cell contractility and the spatial control of cell-matrix interactions
may be associated with the observed phenotypic shifts. Taken together, our results
suggest that human NP cell phenotype may be directly regulated by cell shape as
observed by the changes in protein and gene expression levels associated with specific
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cell morphologies, and that these morphologies may be observed regardless of substrate
stiffness by modulation of ligand presentation.
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Chapter 3
Development of an in vitro 3D cell encapsulation and culture
system for modulation of NP cell phenotype
3.1 Introduction
In vitro 2D culture systems have been invaluable for the development of cell based
strategies, facilitating the study of signaling pathways, disease progression, development
of model systems, and more26,47,129,157,158. The low dimensionality of these systems
allows for a minimalistic approach and simplicity of study of cell-cell and cell-matrix
interactions, the study of force mechanotransduction, and the consequent initiation of
signaling

pathways

responsible

for

the

expression

of

varied

phenotypic

parameters129,159,160. Nevertheless, 2D systems fall short in establishing translational
models as they offer a simplified culture system which lacks variables that may be crucial
for regulating biological functions in a physiologically relevant manner160. The increase
in dimensionality associated with 3D cell encapsulation often leads to differences in
cellular responses, spatial organization of cell surface receptors, variations in cell-cell and
cell-matrix interactions, and changes inspired by altered physical confinement and
mechanical stimuli (Fig. 3.1)161,162. These factors can further lead to cell differentiation
resulting in mixed cell populations within the 3D construct, leading to heterotypic
interactions. Nevertheless, due to all these variables, the translation of 2D substrates
into 3D cell encapsulation systems has demonstrated to be a challenge across
disciplines161–165.
Largely due to issues of cytocompatibility, early 3D cell culture matrices were
mainly focused on the use of natural biopolymers such as alginate and collagen166,167.
52

However, these systems pose a fundamental problem in that when modifying systems
from 2D to 3D, or if parameters such as material stiffness or elasticity need to be modified,
there is an inherent change in the concentration and presentation of bioactive domains,
as these are directly related to the density of polymer fibers used 130,168,169. However,
chemically functionalized synthetic constructs such as the one presented in this document
offer modular parameters that can be independently tuned in order to provide the
researcher with a larger degree of control138,170–172.
8-arm PEG-Maleimide

Cell adhesive
peptides

+

2D culture

+ Crosslinker

3D encapsulation

In vivo delivery

Pro-juvenile phenotype

Pro-contractile phenotype

Fig. 3.2: Schema of the approach for culturing adult human NP cells cultured in 2D and
3D in peptide functionalized hydrogels.

In the previous aim, we discussed the development of a stiff (~10 kPa), PEGbased, low peptide density hydrogel system for the regulation of nucleus pulposus cell
phenotype. This material was benchmarked against a soft (~500 Pa) full-length laminin
functionalized hydrogel, and it was determined that the two demonstrate similar degrees
of gene expression and protein deposition of a panel of markers associated with the
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juvenile NP phenotype.

In the current aim, we sought to determine the translation

potential of the previously developed 2D cell bioinductive scaffold towards a 3D
encapsulation and culture system with a controllable and modifiable cellular
microenvironment that promotes an increase in expression of a panel of markers
associated with the juvenile phenotype, as this is a key step in the development of an in
vivo cell-laden hydrogel delivery approach (Fig. 3.2). We looked at cell viability and
metabolic activity following cell encapsulation and culture within the hydrogels, as well as
levels of gene and protein expression of markers associated with the juvenile NP as
suggested by prior literature8. Results from this study demonstrated cells retained high
levels of metabolism, matrix deposition, and protein expression in the stiff-low peptide
gels compared to the pro-phenotypic soft laminin, pro-fibroblastic stiff-high peptide
functionalized hydrogels, and a nonfunctionalized hydrogel control. These data show
promise for the use of a peptide functionalized biomaterial as a tool for intervertebral disc
tissue engineering.

3.2 Methods
3.2.1 NP cell isolation
Primary adult human NP cells (n≥3 human samples, both sexes, ages 30-68) were
isolated as previously described25,173.

Briefly, to-be-discarded tissue from patients

undergoing surgical intervention for degeneration-associated complications was collected
in accordance with the Washington University Institutional Review Board. NP tissue was
identified and digested for 2-4 hours at 37°C and 5% CO2 in digestion medium containing
0.4% type 2 collagenase (Worthington Biochemical, Lakewood, NK) and 0.2% pronase
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(Roche, Basel, Switzerland). The digest was ended when cells could be individually
identified under a microscope. Following, the digestion medium was spun down for 10
minutes at 400 rcf to pellet the cells, and the medium was aspirated.

Cells were

resuspended in PBS and then passed through a 70 µm filter. The flowthrough was again
spun down for 10 minutes at 400 rcf, and the resulting cell pellet was resuspended and
cultured in Ham’s F12 medium (Thermo Fisher Scientific, Waltham, MA), supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S). Cells were
always used between passages 1 and 4.

3.2.2 Hydrogel preparation and in vitro 3D NP cell culture
Maleimide terminated 8-arm star poly(ethylene glycol) (PEG-8MAL, MW 20K,
Creative PEGWorks, Durham, NC) was first dissolved in Ham’s F12 cell culture media
supplemented with 1% P/S. Lyophilized, cysteine terminated IKVAV and AG73 peptides
(full

sequences

for

IKVAV

and

AG73:

CSRARKQAASIKVAVSADR,

and

CGGRKRLQVQLSIRT respectively, GenScript, Piscataway, NJ) were likewise dissolved
in F12 + 1% P/S. A maleimide-thiol Michael-type addition reaction was employed both
for peptide conjugation and hydrogel formation. Peptide solution was first added to the
PEG-8MAL in order to conjugate peptides to the PEG-8MAL backbone. A small PEGdithiol (SH-PEG-SH, MW 600, Creative PEGWorks, Durham, NC) crosslinker was
dissolved in F12 + 20% FBS + 1% P/S. Primary degenerative adult human NP cells were
then suspended in the PEG-dithiol solution at a density of 2.5 x 106 cell/mL. The cellcontaining di-thiol crosslinker mix was then added to the peptide-functionalized maleimide
in wells of a U-bottom 96 well plate (Falcon, Corning, NY) to initiate hydrogel formation.
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This yielded a cell-laden stiff peptide-functionalized construct (15% PEG w/v, 100 µM total
peptide using equimolar amounts of IKVAV+AG73, modulus ~10 kPa)173. Constructs
were cultured at 37°C and 5% CO2 for 4 days.

3.2.3 Immunocytochemistry
3D cell-laden hydrogel constructs were immunostained with markers selected
following recommendations from the Spine Research Interest Group as published in the
2015 consensus paper8. Following culture, whole constructs were fixed in 4% PFA for
12 minutes, rinsed with 1X PBS (+Ca, +Mg) twice for 10 minutes each, and permeabilized
with 0.2% TritonX-100 (Sigma-Aldrich, St. Louis, MO). Constructs were blocked with
3.75% bovine serum albumin (MilliporeSigma) and 5% goat serum (Thermo Fisher
Scientific), and immunolabeled with mouse-anti-N-Cadherin (1:150, Sigma-Aldrich),
rabbit-anti-BASP1 (1:150, Abcam, Cambridge, United Kingdom), goat-anti-noggin (1:150,
Santa Cruz Biotechnology, Dallas, TX), or Alexa-conjugated phalloidin (1:250,
Invitrogen). The proper isotype controls were used for each antibody. Species-matched
AlexaFluorTM (Invitrogen) secondary antibodies were applied using a dilution of 1:250,
and cells were counterstained with DAPI (2 µg/mL, Sigma-Aldrich).

Cell-containing

hydrogel constructs were then placed within a small (1.5 mm thick, 1 cm diameter) “O”
shaped spacer, 1X PBS (+/+) was added to prevent hydrogel dehydration during imaging,
and a coverslip was placed on top. Imaging was done using a Leica SPE scanning laser
confocal microscope (Leica Microsystems, Buffalo Grove, IL), using a 20X immersion
lens, by taking z-stacks of intact whole 3D constructs. Settings were applied based on
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the IgG controls and retained across samples. Image analysis was done using ImageJ
(NIH, Bethesda, MD).

3.2.4 Cell Viability, Metabolic Activity, and Matrix Deposition
All image analysis was done using ImageJ. Primary degenerative adult human NP
cells were suspended in the PEG-dithiol solution at a density of 2.5 x 106 cells/mL in 10
µL gels. The cell-containing di-thiol crosslinker mix was then added to the peptidefunctionalized maleimide in wells of a U-bottom 96 well plate to initiate hydrogel formation
as previously discussed.

Following 3D in vitro cell culture of NP, cell viability was

surveyed using a live/dead viability kit following manufacturer recommendations
(Invitrogen, Carlsbad, CA).
To assay cell metabolic activity and matrix deposition, a functional noncanonical
amino-acid tagging approach174 was employed. Briefly, 3D cell-containing hydrogels
were made as described above, and cultured in L-methionine free DMEM (Gibco,
ThermoFisher,

Waltham,

MA)

supplemented

with

L-azidohomoalanine

(AHA,

ClickChemistryTools, Scottsdale, AZ). Cells were cultured for 4 days at 37°C and 5%
CO2. After 4 days, the media was replaced with L-methionine free DMEM supplemented
with 30 µM of the AHA-binding secondary DBCO-488 (ClickChemistryTools, Scottsdale,
AZ), and incubated for 45 minutes at 37°C and 5% CO 2. The cell/gel system was then
washed with PBS with calcium and magnesium (PBS +/+) 3 times and fixed for 12 minutes
using 4% PFA. Following, cells were stained with Alexa-conjugated phalloidin 633 (1:250,
Invitrogen) to visualize cell bodies, and counterstained with DAPI (2 µg/mL, SigmaAldrich, St. Louis, MO) to visualize nuclei. Overlaying the phalloidin stain with the AHA
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stain allowed for the measurement of intracellular AHA presence, reportedly used as a
measure of metabolic activity, as well as extracellular AHA presence, used as a measure
of matrix deposition, calculated as

𝑉𝑜𝑙𝑢𝑚𝑒𝑀𝑎𝑡𝑟𝑖𝑥 −𝑉𝑜𝑙𝑢𝑚𝑒𝐶𝑒𝑙𝑙
𝑉𝑜𝑙𝑢𝑚𝑒𝐶𝑒𝑙𝑙

, with volumes being calculated

from 3D reconstructions of z-stacks. Actin fiber alignment was quantified using the
OrientationJ plugin for Fiji, where an output of one indicates strong fiber alignment in one
direction, and an output of zero indicates anisotropic fiber orientation.
3.2.5 Gene expression
Gene expression was assayed using qPCR on an Applied Biosystems TM
StepOnePlusTM Real-Time PCR System (Software v2.3, Foster City, CA). As above,
markers were selected following the recommendations set in the 2015 consensus paper
(Risbud 2015). Briefly, 3D cell laden-scaffolds containing 2.5 x 106 cells/mL primary adult
human NP cells were homogenized using RLT buffer (Qiagen, Hilden, Germany) + 1%
mercaptoethanol in a BioSpec Mini-Beadbeater-24 bead beater (BioSpec, Bartlesville,
OK) at 3000 rpm using 2 mm diameter zirconia beads (BioSpec, Bartlesville, OK), and
stored at -80°C until ready for RNA isolation. Isolation was done using the QIAGENTM
Mini kit following manufacturer instructions (Giagen, Hilden, Germany).

RNA

concentration and purity were determined using the 260/280 ratio in a NanoDrop™
system (ThermoFisher Scientific, Waltham, MA). RNA was converted to cDNA using the
iScript cDNA Synthesis Kit (BioRad, Hercules, CA).

qPCR was used to detect

amplification of aggrecan (ACAN), collagen 2 (COL2A1), N-Cadherin (CDH2), glucose
transporter 1 (GLUT1), connective tissue growth factor (CTGF), brain associated soluble
protein 1 (BASP1), integrin α6 (ITGa6), and collagen I (COL1A1) (Table 4, Applied
Biosystems) using the ∆∆Ct method, with the first ∆ being normalization of the gene to
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housekeeping genes 18S and GAPDH, and the second ∆ being normalization to a control
substrate.

Primer Probe

Common Name

Applied Biosystems No.

ACAN

Aggrecan (AGC)

Hs00153936_m1

COL2A1

Collagen type II

Hs00156568_m1

CDH2

N-Cadherin

Hs00983056_m1

SLC2A1

Glucose transporter 1 (GLUT1)

Hs00892681_m1

CTGF

Connective tissue growth factor

Hs00170014_m1

BASP1

Brain acid soluble protein 1

Hs00932356_s1

ITGa6

Integrin α6

Hs00173952_m1

COL1A1

Collagen type I

Hs00164004_m1

GAPDH

Housekeeping gene

4332649

18S

Housekeeping gene

Hs99999901_s1

Table 4: Primers used for RT-qPCR study of 3D adult human NP cell encapsulation.

3.3 Results
3.3.1 Cell viability and morphometric survey
We observed significantly higher cell viability in the stiff-low peptide density (15%
100 µM), stiff-high peptide density (15% 400 µM), and soft PEG-Laminin (4% PEG-LM)
gels than the nonfunctionalized stiff hydrogel control (Fig. 3.3A). The distribution of viable
cells within the construct was observed to be largely homogeneous for all substrates,
suggesting no edge effects were observed (Fig. 3.3B).

We further observe similar

morphological behaviors as what was previously quantified in 2D. Specifically, it can be
seen that all functionalized materials promote high degrees of cell clustering (large
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Fig. 3.3: Assessment of cell viability following 3D cell encapsulation. A) Cell viability as
quantified by Live/Dead assay. All functionalized systems led to a significant increase in cell
viability compared to the nonfunctionalized control. B) Immunostaining shows a representative
image of the Live/Dead stain (green is calcein AM, red is propidium iodide). n≥3 human samples,
ages 30 – 68, both sexes used. Scale bar is 50 µm. Different letter denotes statistical
significance at p<0.05 using a one-way ANOVA with Holm-Sidak’s multiple comparison’s test.

clusters ≥5 cells, small clusters being 2-4 cells) with few single cells being identified (Fig.
3.4A, B). However, the stiff-low peptide and the soft PEG-LM hydrogels promote cells
forming largely rounded clusters, while the stiff-high peptide density hydrogel was
observed to promote a much higher degree of cell spreading coupled with a significantly
lower degree of cell circularity (Fig. 3.4A, D). Stiff-high peptide substrates further promote
significantly higher F-actin fiber formation and cytoskeletal organization than either the
stiff-low peptide or soft PEG-LM substrates (Fig. 3.4C, D).

3.3.2 Metabolic activity and matrix deposition
We observed that all functionalized hydrogels (i.e. stiff-low and high peptide as
well as soft PEG-LM) exhibited significantly higher metabolic activity than the
nonfunctionalized control, with soft PEG-LM gel exhibiting significantly higher rates of
biosynthesis than all other conditions (Fig. 3.5A, B). Soft PEG-LM as well as stiff-low
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peptide constructs demonstrated significantly higher amounts of extracellular matrix
deposition than both the nonfunctionalized control and the stiff-high peptide system.
However, the stiff-low peptide gel and the soft PEG-LM positive control were not different
from one another (Fig. 3.5C, D).
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Fig. 3.4: Characterization of 3D morphological parameters. A) Quantification of cell
clustering. B) Measures of cell cluster circularity of large clusters (n≥5 cells) shows significant
increase in cell clustering in stiff low peptide and soft PEG-LM substrates than the stiff high
peptide controls. C) Measurement of F-actin fiber alignment and cytoskeletal organization. D)
Actin staining on all substrates shows the rounded clustered morphology typical of a more
“juvenile” phenotype in the stiff-low peptide (15% 100 µM) and soft (4%) PEG-LM substrate,
while the stiff-high peptide (15% 400 µM) system promotes the elongated, spread morphology
previously characterized in 2D, typical of a more fibroblast-like state. Scale bar is 50 µm. ***
p<0.001, **** p<0.0001 using one-way ANOVA with Holm-Sidak’s multiple comparison’s test.
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3.3.3 Protein expression of human NP cells following 3D culture in vitro
The stiff-low peptide density hydrogel demonstrated significantly higher Ncadherin and noggin expression than all other hydrogels studied (Fig. 3.6A, C, D).
Although not significantly different from one another, both the stiff-low peptide density
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Fig. 3.5: Stiff low peptide and soft PEG-LM systems promote significant increases in
cellular bioactivity and matrix deposition. A-B) Metabolic activity as measured via
functional non-canonical amino acid tagging approach shows that both the stiff-low peptide
and soft PEG-LM substrates promote increased metabolic activity compared to a
nonfunctionalized PEG control, with PEG-LM demonstrating the highest metabolic activity.
Scale bar is 20 µm. C-D) Both functionalized substrates promote significant increases in matrix
deposition. Statistical test was a one-way ANOVA with Holm-Sidak’s multiple comparison’s
test; same letter denotes no significance between conditions; different letter denotes p<0.05.
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gels and the soft PEG-LM gels supported significantly higher expression of BASP1 than
did the nonfunctionalized and stiff-high density substrates (Fig. 3.6B, D). Furthermore,
the stiff-high peptide density substrate did not appear to have significantly higher protein
expression than the non-functionalized control in the proteins surveyed (Fig. 3.6A-D).

3.3.4 Gene expression profiles of human NP cells following 3D culture in vitro
For the study of gene expression profiles, we first wanted to compare the substrate
of interest (stiff-low peptide density hydrogels) to a material with known pro-phenotype
behaviors. Thus, comparisons were made against the soft PEG-LM as this substrate was
previously suggested to promote a pro-phenotypic shift in adult human NP cells15,24,142.
Due to the observed pro-fibroblastic effects of the stiff-high peptide density system, as
well as the low cell viability observed in the nonfunctionalized controls, neither of these
conditions were included in the gene expression studies. Data indicated that stiff-low
peptide gels promoted similar degrees of gene expression as what was observed in the
soft PEG-LM positive control. For a subset of genes (i.e. COL2A1, GLUT1, CDH2, and
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Fig. 3.7: Survey of gene expression profiles following 3D culture. Data suggests
significant differences between substrates in expression levels of ACAN, CTGF, and CDH2,
although trends further suggest differences in GLUT1 and BASP1. Statistics were t-tests
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BASP1), there appears to be a non-significant trend towards increased gene expression
in cells cultured within the PEG-peptide gels versus the PEG-LM gels (Fig. 3.7,
Supplementary Figure 5).

3.4 Discussion
Difficulties exist in the translation of findings for cell culture upon 2D substrates to
cell culture following encapsulation in 3D systems, as the change in cell culture substrate
dimensionality can lead to significant cellular and microenvironmental changes161–163. In
this work, we sought to explore the behavior of a stiff-low peptide density functionalized
hydrogel, developed and evaluated in 2D cell culture, in application to a 3D cell
encapsulation system. Although the reported biomaterial is of a stiffness previously
observed to promote a phenotypic shift towards a more fibroblast-like state24,77,90, our
data suggest that this material not only promotes cell survival and increased metabolic
activity but is also conducive to behaviors similar to those observed in the pro-NP
phenotypic soft PEG-LM system15,142. The homogeneous distribution of live cells within
the 3D constructs suggest that at the selected hydrogel volume of 10 µL, diffusion
throughout the scaffold and consequent nutrient availability to the cells was not a major
issue. This suggests feasibility for delivery of this construct into an in vivo model of disc
degeneration, as this volume is within the range of values reported in the literature for
implants placed within the NP36,175,176. Although the stiff-high peptide density system had
significantly higher metabolic activity than the nonfunctionalized control, it appeared to
have significantly lower degrees of metabolic activity than both the stiff-low peptide and
soft PEG-LM systems. This observation is interesting since the substrate promoted very
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similar degrees of cell viability as what was observed in the pro-NP phenotype substrates.
However, altered degrees of protein expression were observed between the stiff-low and
high density systems, which may partially help explain the observed changes in metabolic
activity. The morphological data demonstrated increased cell spreading and F-actin fiber
formation, associated with cell stiffening, coupled with decreased circularity in the stiffhigh peptide density conditions, whereas the stiff-low peptide and the soft PEG-LM gels
exhibited the rounded clustered morphology characteristic of juvenile cells.
observations are consistent with what was observed in 2D.

These

Formation of cytosolic

vacuoles was further observed in 3D culture of adult human NP cells within both the soft
PEG-LM and stiff low-peptide density hydrogels, whereas no vacuolation was observed
in either the nonfunctionalized nor the stiff high peptide density groups (Supplementary
Figure 6). This observation is of interest because AHA staining within vacuolar structures
appeared modest at best, which may support the hypothesis that these structures play a
more important role in regulation of intracellular pressure than in molecular
transport141,177,178.
The juvenile NP is an inherently soft tissue, with a largely heterogeneous spatial
distribution of cells, and with non-defined morphological states14,47,141,179. Here, cells are
observed to reside in large multicellular clusters, though these are often widely
heterogeneous and irregular as compared to the distinct structures often seen when 3D
modeling tissues such as blood vessels, neural systems, pancreatic islet cells, and
others76,97,130. This hydrogel system was observed to promote the formation of such
clusters, which likely play a role in the increased expression of N-cadherin observed, and
thus facilitate the expression of the juvenile NP phenotype as previously hypothesized 77.

66

Another key feature of this system is its intrinsic ability for modification. As previously
mentioned, the use of chemically functionalized synthetic polymer systems for cell
encapsulation supports the independent control of different material parameters such as
hydrogel stiffness and degree of functionalization. This allows for the creation of a stiff
biomaterial with reduced peptide density. In natural polymer systems, adhesive domains
(e.g. RGD in the case of collagen) are inherently linked to the fiber density. Thus, an
increase in polymer density for the sake of creating a stiffer substrate further leads to an
increase in adhesive ligand domain availability130. This is important, as the reduction in
ligand presentation in the stiff polymers has been observed to lead to significant changes
in phenotypic expression.
While increased expression of N-cadherin and BASP1 in 3D constructs was
suggestive of changes similar to those previously characterized in 2D, the increase in
protein expression of noggin in the peptide-functionalized systems compared to the soft

Fig. 3.8: Noggin inhibits tubule formation. Adapted from Cornejo et al. 2016. Data
suggests that both notochordal cell conditioned media as well as isolated BMP antagonist
Noggin significantly inhibited the formation of tubules by human umbilical vein endothelial cells
(HUVECs). Scale bars are 200 µm.
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PEG-LM and nonfunctionalized controls was of particular interest. Noggin is a pronotochordal marker which has been reported to have anti-angiogenic effects180–182.
Specifically, it has been reported that notochordal cells secrete a plethora of factors such
as noggin, chordin, and chondroitin sulfate, which serve to inhibit innervation and neurite
growth, promote repulsion of dorsal root ganglia cells, and prevent epithelial cell migration
and formation of tubule-like structures (Fig. 3.8)180–182. Thus, the secretion of this protein
by adult human NP cells cultured within stiff-low peptide-functionalized hydrogels
potentially suggests an ability for the cell-laden hydrogel construct to serve as a means
for reducing innervation and vascularization into the disc following surgical insult.
A point of interest for using the stiff-low peptide density functionalized biomaterials
instead of the previously characterized soft PEG-LM system is that while both systems
promote a pro-NP phenotypic shift in adult human NP cells, the stiff-low density
substrates further provide increased mechanical support which the soft materials may
not. We hypothesized that in vivo implantation of this hydrogel system into a degenerative
disc will prevent loss of disc height and consequently result in improved disc structure
and phenotype, and lead to decreased CEP damage and AF degeneration.
Nevertheless, the lack of mechanical loading or cyclical mechanical testing of the
developed biomaterial is a shortcoming of this work and should be addressed in future
experiments, as no data was produced to examine the durability of this system or the
effects of mechanical stimulation on cellular viability, metabolic activity, or phenotype.
Overall, the data from this chapter corroborates and further builds upon previous
data in 2D culture, indicating that 3D cell encapsulation of adult degenerative human NP
cells within a stiff low peptide density functionalized hydrogel promotes bioactivity, gene
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expression, and protein deposition levels similar to soft PEG-LM constructs and
significantly higher than those observed in stiff non-functionalized and high peptide
density functionalized controls.
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Chapter 4
In situ crosslinked cell-laden hydrogel delivery into the
intradiscal space for recovery and maintenance of the
healthy NP phenotype in an in vivo model of disc
degeneration
4.1 Introduction
Within the field of IVD repair and regeneration, three distinct approaches have
been explored: implantation of acellular materials, carrier-free cell delivery, and
implantation of cell-laden materials. Synthetic and bio-based acellular approaches often
revolve around the use of systems capable of restoring mechanical properties to a
degenerated disc by means of surgical implantation following disc nucleotomy. As early
as the 1950’s and 1960’s, approaches for disc repair included the filling of damaged discs
with

plastic

spacers

to

separate

the

vertebral

bodies,

in

situ

curing

polymethylmethacrylate injections (PMMA) in order to maintain vertebrae-to-disc
proportions (i.e. disc height index, or DHI)183–186, and more. As the field of spine and disc
biomechanics

expanded,

new

approaches

to

better

recapitulate

microenvironment and functional outcomes were investigated.

the

disc

An example is the

NuCore™ Injectable Nucleus (Spine Wave, Shelton, CT), a synthetic protein copolymer
based on silk and elastin polymer repeats31,187. As with NuCore, many studies have
demonstrated an ability to employ partial- or whole-disc replacement approaches with
synthetic- or biopolymer-based materials whose mechanical properties mimic those of
the healthy disc16,188. In these studies focused on acellular biomaterial delivery, the goal
is for the load-bearing material to provide long-term durability and restoration of
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mechanical function as shown both in vitro and in vivo17,123,189. These materials serve to
alleviate painful symptoms often associated with tissue stiffening, loss of disc height, and
nerve impingement, though they often offer little to no regenerative potential 123. Other
similar approaches have sought to deliver bioactive materials with the goal of promoting
cellular metabolic activity in the native cells residing within the degenerative disc, as was
the case in the ultra-purified alginate (UPAL) system developed by Tsujimoto et al., the
BMP-releasing calcium phosphate granules or fibrin/hyaluronic acid constructs by Boden
et al. or Peeters et al. respectively, or the earlier FGF-releasing gelatin-based hydrogel
for tissue regeneration developed by Tabata et al.33,190–192. These approaches often fall
short, however, due to the low cellularity of the degenerative disc34.
Alternatively, cell-delivery based approaches are most often done without the use
of a cell carrier, but rather by direct delivery of a cell population into the intradiscal space
(Fig. 4.1 A-B)35,127. The disc naturally has a low cell density, only as high as 4 x 10 6
cells/mL in healthy tissues34,37. Researchers have tried to overcome the low cellularity of
the disc by delivery of cell concentrations several-fold higher than what is observed in the
native tissue7,35,126. Nevertheless, this approach may be problematic as the disc is
nutrient deficient and avascular. Because of this, a large increase in metabolism due to
artificially increased cell numbers may lead to rapid nutrient depletion and consequent
rapid buildup of toxic byproducts such as lactic acid, leading to issues such as increased
disc acidity, higher rates of matrix degradation, and rapid cell death. Furthermore, the
lack of a cell carrier in these approaches poses two distinct issues. First, without a carrier
cells are prone to “leaking” out of the disc space, which may lead to tissue irregularities if
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cells deposit in surrounding tissues, or may lead to significant inflammatory responses.
The second issue is that cell delivery into the harsh disc microenvironment without
simultaneous presentation of an appropriate cellular microenvironment often results in
decreased cell viability and reduced biosynthetic activity.
The last approach is the use of cell-laden materials. This has arguably been the
most successful in the field of IVD tissue engineering, as it not only provides a cell source
for the re-cellularization of the NP, but also a material scaffold for cell delivery,

C)

Treat.

Degen.

Naïve

A)

B)

D)

E)

Fig. 4.1: Approaches towards IVD tissue regeneration. Adapted from Yang et al. 2009 (AB) and Gullbrand et al. 2018 (C-E). A-B) delivery of bone marrow derived MSCs in a mouse
model of degeneration via annular puncture suggests a significant increase in DHI at 24 weeks
compared to the puncture non-treated conditions, though considerable decreases in DHI
compared to the naïve condition are still observed. C-E) Development of endplate-modified
disc-like angle ply structures (eDAPS). System has three distinct components for NP, AF, and
endplates, each seeded with the corresponding cell type. A) Alcian blue (proteoglycans) and
picrosirius red (collagen) staining of histological sections of a naïve rat tail disc, and a tail disc
following in vivo eDAPS implantation at 20 weeks. B-C) eDAPS implantation in a goat cervical
spine model of degeneration. At 8 weeks following implantation, eDAPS system restores
mechanical function as measured by compressive modulus (B) and strain (C) to levels similar
to the naïve.
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localization, retention, and promoting bioactivity. Groups have used a number of different
materials and cell sources, including but not limited to human, bovine, porcine, and rat
AF and NP cells, fibroblasts, hMSCs, and more, delivered in materials such as collagen,
hyaluronic acid, alginate, and synthetic polymers such as poly(ethylene glycol) (PEG),
poly(N-isopropylacrylamide) (pNIPAM), and more (Fig. 4.1 C-E)108,120,121,193–195. These
approaches have often been successful in providing both mechanical support as well as
bioinductive properties to promote cell/implant integration in the native tissue24,193–196. For
the present work, we sought to use the peptide functionalized material discussed in the
previous aims as a means for cell delivery in an in situ crosslinked model.
An important consideration in the development of a tissue engineering model,
particularly in the field of biomaterials delivery, is the state of degeneration of the IVD. A
model that induces only mild degeneration may present challenges in the study of
phenotypic recovery since any IVD damage induced during the materials delivery step
may result in morbidities and degeneration due to trauma. Alternatively, if the degree of
degeneration is too severe, there may be little potential for tissue recovery as it may be
impossible to deliver an in situ crosslinked material into the IVD space. Disc puncture
models are effective in this regard because the degree of degeneration can be correlated
with needle diameter used as well as with time following the insult (Fig. 4.2 A-D)113,119,120.
It has been demonstrated that disc punctures where the needle diameter is more than
40% of the disc height will result in measurable tissue effects, whereas needle diameter
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to disc height ratios smaller than 40% are more inconsistent and may not always produce
a measurable outcome119. In the current work, we seek to deliver an in situ crosslinked,
cell-laden hydrogel system (based on the low-peptide density functionalized PEG-based
hydrogel previously characterized) into the mild-to-moderately degenerated IVD space,
in order to serve as a defect filling bioinductive material for the treatment of disc
degeneration. An ex vivo approach was first employed as a pilot study to determine the
feasibility of in situ crosslinking within the rat caudal disc space, as well as to determine
cell retention and degrees of bioactivity in an organ culture model. Cell-laden hydrogel
A)

B)

D)

C)
E)

Fig. 4.2: Characterization of disc puncture models. A) Adapted from Sakai et al. 2003.
Induction of disc degeneration following puncture injury in rabbits using a 21G needle. Images
show degree of degeneration at 2 weeks (top), 4 weeks (middle), or 8 weeks (bottom) following
injury. B) Adapted from Martin et al. 2013, figure shows degeneration resulting from needle
puncture of a disc 8 weeks following insult. C) Adapted from Elliott et al. 2008, data shows the
relative change in mechanical properties of damaged discs compared with naïve disc value for
compression stiffness (Scom), tensile stiffness (Sten), neutral zone stiffness (Snz), and neutral zone
length (Lnz), as a factor of needle diameter used for disc injury in a rat model. D-E) Adapted
from Masuda et al. 2004, data shows changes in histological scoring of discs following disc
puncture with different size needles at different timepoints.
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delivery was then studied in an in vivo model of disc degeneration, where clinically
relevant outcomes such as µCT and disc height index (DHI) were employed197,198.

4.2 Methods
4.2.1 Rat and human NP cell isolation
For ex vivo organ culture experiments, human NP cells were isolated as previously
described (n=2 human samples, 44 y/o female and 27 y/o male). Briefly, to-be-discarded
tissue from patients undergoing surgical procedures was collected in accordance with the
Washington University Institutional Review Board. NP tissue was identified and digested
for 2-4 hours at 37°C and 5% CO2 in digestion medium containing 0.4% type 2
collagenase (Worthington Biochemical, Lakewood, NK) and 0.2% pronase (Roche,
Basel, Switzerland). Following, the digestion medium was spun down for 10 minutes at
400 rcf to pellet the cells, and the medium supernatant was aspirated. Cells were
resuspended in PBS and then passed through a 70 µm filter. The flowthrough was again
spun down for 10 minutes at 400 rcf, and the resulting cell pellet was resuspended and
cultured in Ham’s F12 medium (Thermo Fisher Scientific, Waltham, MA), supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S).
For in vivo delivery into the rat IVD space, rat NP cells were isolated as follows.
First, 8 caudal discs from each of 8 male Sprague-Dawley rats (16-20 weeks old) were
isolated. Discs were then bisected using a size 11 surgical blade, and the gelatinous NP
tissue was extracted. NP tissue was then placed in digestion medium containing 0.2%
type 2 collagenase (Worthington Biochemical, Lakewood, NK) and 0.3% pronase (Roche,
Basel, Switzerland) for 2-4 hours at 37°C and 5% CO2. The digestion medium was then
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spun down for 10 minutes at 400 rcf, the pelleted cells were resuspended in PBS and
passed through a 70 µm filter, and the flowthrough was again spun down for 10 minutes
at 400 rcf. The resulting cell pellet was resuspended and cultured in Ham’s F12 medium
(Thermo Fisher Scientific, Waltham, MA), supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (P/S). Rat NP cells were used at passage 3.

4.2.2 Luciferase Reporter Cells
For tracking cell viability and retention following in vivo delivery, rat NP cells were
isolated from multiple levels of 8 Sprague-Dawley rat caudal intervertebral discs as
described in 4.2.1. Cells were passaged once and expanded to ensure adequate cell
numbers. Following, cells were plated at a density of 500,000 cells/well in wells of a 6
well plate in 2 mL transduction media containing 10% FB, 4 µg/mL polybrene
(hexadimethrine bromide, Sigma Aldrich, St. Louis, MO), and 4 µL of the concentrated
lentiviral plasmid (titer 5.5 x 108) containing a luciferase reporter upstream of the
constitutive EF1 promoter (Addgene, Watertown, MA).

Cells were cultured in

transduction media for 20 hours, then transduction media was aspirated, cells rinsed
twice with 1X PBS, and standard F12 + 10% FBS + 1% P/S culture media was added to
the wells. Cells were allowed to recover for at least 24 hours at 37°C in normoxia.
Transduction efficiency was quantified using flow cytometry in a Millipore Guava
easyCyte flow cytometer (Millipore Sigma, Burlington, MA) by staining with a rabbit-antifirefly luciferase antibody (Abcam, Cambridge, UK).
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4.2.3 Organ culture models for confirmation of hydrogel and cell delivery
In order to confirm efficient delivery of the hydrogel into the IVD space, as well as
to determine an ability to deliver and maintain a healthy cell population in the IVD prior to
conducting in vivo studies, organ culture models were employed.
4.2.3.i Delivery of acellular hydrogel tagged with fluorescent beads into the mouse
intradiscal space
For confirmation of hydrogel delivery, we first isolated spines from the tails of
C57/Bl6 mice. Briefly, discs were excised, and the muscle and tendons around the spine
were removed. Tails were kept in disc culture media (Ham’s F12 + 20% FBS + 1% P/S)
for 2 days prior to usage as suggested in the literature 199–201. Following, discs were
punctured with a 27G needle at two separate positions, and 3 mL of air was injected into
the disc space, effectively displacing the native NP through the secondary puncture site,
thus nucleotomizing the disc. Discs were punctured to a depth of 0.5-1 mm using needle
stoppers to ensure consistent penetration depth.

Motion segments in the hydrogel

delivery group received two further injections, the first containing 3 µL of peptidefunctionalized 8-arm PEG-MAL polymer doped with Fluoresbrite Yellow-Green
Microspheres (PolySciences, Warrington, PA), and the second containing 3 µL PEGdithiol crosslinker suspended in culture media. The hydrogel precursor solutions had to
be applied individually without prior mixing due to the rapid crosslinking rate of the MALSH chemistry138. The negative control discs were punctured an additional two more times
in order to mimic the approach taken for the hydrogel-delivery conditions but did not
receive hydrogel. Motion segments were then placed back in wells of a 24 well plate and
cultured for an additional 2 weeks in disc culture media, with media exchanges being
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done every 3 days. Following this incubation period, discs were fixed in 4% PFA for 48
hours at 4°C with gentle rocking. Motion segments were decalcified with Immunocal for
3 days at room temperature, and cryoprotected in 30% sucrose overnight at 4°C. Motion
segments were then embedded in OCT compound, and snap frozen in liquid nitrogen.
Discs were stored at -80°C until ready for use. Following, discs were sectioned at 8 µm
thick and imaged for visualization of the beads using scanning laser confocal microscopy
(at ex/em 405/488 nm).
4.2.3.ii Delivery of cell-laden hydrogel into the rat intradiscal space
In order to confirm use of our hydrogel systems as an efficient cell carrier, we
studied cell fate in intervertebral disc organ culture as described. Briefly, the caudal
spines of adult male Long-Evans rats (ages 14-16 weeks, 456.6 ± 49.9 grams) were
excised immediately following animal sacrifice. Discs C4-C10 were identified, then the
surrounding muscle and tendon was carefully dissected out using a dissection
microscope. The bone was carefully separated from the endplates, leaving behind the
intact AF and NP, with the bounding calcified endplates (both cranial and caudal). Discs
were cultured in disc culture media in order to ensure proper nutrient availability in the
organ culture model as suggested by Liu et al.201 for 2 days prior to usage. Following,
discs were punctured with a 27G needle to a depth of 3 mm using needle stoppers, and
nucleotomized by injection of 3 mL of air into the disc space as previously described. The
discs were then allowed to degenerate for 2 weeks, with complete media changes every
3 days. Following, the cell-laden hydrogel delivery group received two injections, the first
containing 5 µL of peptide-functionalized PEG-8MAL, and the second containing 5 µL of
PEG-diSH crosslinker, with adults human NP cells (isolated in section 4.2.1) suspended
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at a density 2.5 x 106 cells/mL. Puncture conditions received two further needle stabs to
mimic the approach taken with the hydrogel delivery conditions. Intact controls were left
alone. All motion segments were then cultured for an additional 2 weeks in disc culture
media, with complete media changes every 3 days. Following the incubation period, discs
were fixed in 4% PFA for 48 hours at 4°C with gentle rocking. Motion segments were
decalcified with Immunocal for 3 days at room temperature, and cryoprotected in 30%
sucrose overnight at 4°C. Motion segments were embedded in OCT compound and snap
frozen in liquid nitrogen. Discs were stored at -80°C until ready for use. Following, discs
were sectioned at 20 µm thick to avoid disruption of the hydrogels. For qualitative analysis
of histological sections, discs were stained with 0.1% safranin-O, 0.02% fast green, and
haematoxylin, then overlaid with Permount and coverslipped for imaging.

Second

harmonic generation signal of fibrillar collagen was employed in unstained sections for
obtaining information about the structure and organization of the AF as a function of
hydrogel delivery and disc state. This was done via two-photon excitation at a wavelength
of 840 nm, stimulating collagen autofluorescence and allowing for data collection at ~420
nm51,202.

4.2.4 Injury model of IVD degeneration and cell-biomaterial delivery
All animal work was done in accordance with the Washington University
Institutional Animal Care and Use Committee (IACUC).

Male Sprague-Dawley rats

(n=12, 10-12 weeks old, 285.2 ± 19.0 grams) purchased from Charles River, and allowed
to acclimate for at least one week prior to usage. Rats were housed at two rats per cage
in ventilated cages with wood chip bedding and enriched with a Nylabone toy. Food and
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water were available ad libitum, and the rats were kept under a 12/12 light/dark cycle with
a constant room temperature of 21 ± 1 °C. Prior to surgery, rats were anesthetized under
1.5-3% isoflurane + 1-2% O2. Rats were then given a subcutaneous injection of carprofen
(5 mg/kg)123. Caudal discs (C5-C8) were exposed by making a midline incision on the
ventral plane of the tail using a size 21 scalpel blade. Specifically, the pedicles on the C4
vertebra were identified, and an incision was made immediately caudal of the C4-C5 disc.
Following, disc C5-C6 was punctured to a depth of 3 mm using a 27G needle in all rats.
Discs of all rats at the C6-C7 level were left unpunctured, serving as the sham control.
Discs C7-C8 were likewise punctured to a depth of 3 mm using a 27G needle. The
incision was then closed using 4-0 nylon sutures. Rats were allowed to recover, and
chewable carprofen tablets (2 mg/tablet) were administered daily for 4 days. The rats
were allowed to recover for 2 weeks in order to allow for the transient inflammatory
response to resolve203.

2 Weeks
Disc
Punctures

1 Week
Hydrogel
Delivery

7 Weeks
Second cohort
sacrificed

First cohort
sacrificed

In situ crosslinked cellladen hydrogel delivery
Puncture IVD

Allow for acute
degeneration
Puncture control

Fig. 4.3: Schema showing experimental approach and timeline for delivery of in situ
crosslinked cell-laden hydrogels following induction of intervertebral disc degeneration.
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4.2.5 In vivo hydrogel delivery, tissue harvesting, µCT, and histological
assessments
Following the two-week recovery period post disc puncture, rats were anesthetized
using 1.5-3% isoflurane + 2% O2. As previously described, a midline incision was made
on the ventral plane of the tail following identification of the C4 pedicles for orientation,
and disc levels C5-C8 were exposed. Discs C5-C6 received two injections, the first
containing 5 µL of cell-containing PEG-di-thiol solution, and the second containing 5 µL
of peptide-functionalized PEG-8MAL solution, in order to deliver a total of 10 µL of the in
situ crosslinked 15% 100 µM hydrogel with 2.5 x106 cells/mL using the luciferase reporter
cells described in 4.2.2, and using 25G needles and a 10 µL Hamilton syringe (Hamilton
Company, Reno, NV). Discs at the C6-C7 level remained unpunctured to serve as the
sham controls. Discs C7-C8 were punctured an additional two more times using a 25G
needle in order to mimic the hydrogel delivery conditions. Tail incisions were then closed
with 4-0 sutures, and the rats were allowed to recover, receiving chewable carprofen
tables (2 mg/tablet) daily for 4 days. The first cohort of animals (n=6 rats) were sacrificed
one week following hydrogel delivery. The second cohort (n=6 rats) were sacrificed eight
weeks following hydrogel delivery. A schematic of timeline and proposed workflow can
be found in Fig. 4.3.
At one- and eight-weeks post hydrogel delivery, rats were sacrificed and the caudal
spines were immediately excised. The muscle and tail tendons surrounding the spine
were removed, the spines were rinsed in 1X PBS, and then placed in 4% PFA for 48
hours with gentle rocking at 4°C (replaced once after 24 hours). Following, the tails were
analyzed under µCT using a Bruker SkyScan 1176 (Bruker Corporation, Billerica, MA) at
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60 kV, 417 µA, and 65 ms exposure. Disc Height Index (DHI) was calculated as shown
in Figure 4 below:

B1
B2
B3

A1

A2
A3

B4

B5
B6

Fig. 4.4: Procedure for calculation of disc height index values.

where Ax are the measurements of disc height across 3 spatial locations on the coronal
plane, and Bx are the measurements of the bounding vertebral bodies at equivalent
positions.
Following µCT imaging, the tails were processed for histological sectioning. Whole
spines were first decalcified in 14% (w/v) EDTA pH 7.2 for 7 days at 4°C, then cut into
individual motion segments and decalcified for an additional 7 days 204. Following, motion
segments were cryoprotected in 30% sucrose for 24 hours at 4°C, then placed in OCT,
and snap-frozen in liquid nitrogen. The blocks were stored at -80°C until ready to use.
Although most commonly histological sections are 5-15 µm thick201, discs were sectioned
in the coronal plane at a thickness of 20 µm as this appeared to best preserve hydrogel
integrity. Following, all sections were placed in a heating chamber at 37°C for 30 minutes
to ensure section adhesion to the slide. In order to measure effective cell localization as
well as cell retention within the IVD space following cell-laden hydrogel delivery, sections
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were stained with a rabbit-anti-luciferase (1:250, Abcam, Cambridge, UK) overnight at
4°C in order to visualize and identify the delivered reporter cells described above. A
proper isotype control was done in parallel, and the sections were then stained with a
species matched Alexa-conjugated secondary antibody for 1.5 hours at room
temperature. For qualitative analysis of histological sections, discs were stained with
0.1% safranin-O, 0.02% fast green, and haematoxylin, then overlaid with Permount™ and
coverslipped for imaging. For qualitative study of the phenotypic state of the delivered
NP cells, sections were immunolabeled overnight at 4°C with a mouse-anti-N-Cadherin
(1:150, Abcam, Cambridge, UK), rabbit-anti-BASP1 (1:150, Abcam, Cambridge, UK), or
rabbit-anti-Integrin α6 antibody (1:150, Abcam, Cambridge, UK). Appropriate isotype
controls were used in parallel for all antibodies tested.

Species-matched Alexa-

conjugated secondary antibodies were then applied at a dilution of 1:250 and left for 1.5
hours at room temperature. Sections were counterstained with DAPI (2 µg/mL, SigmaAldrich) for 15 minutes at room temperature for visualization of cell nuclei.

4.3 Results
4.3.1 Evaluating feasibility of hydrogel delivery via organ culture models
4.3.1.i Delivery of acellular hydrogel tagged with fluorescent beads into the mouse
intradiscal space
For assessing the efficacy of the hydrogel delivery approach, acellular hydrogels
doped with fluorescent microspheres were delivered into the mouse IVD space as
described in 4.2.3.i. Isolated discs were divided into 3 groups: naïve (no puncture),
puncture no treatment, and puncture + 15% 100 µM hydrogel delivery.
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Fig. 4.5: Identification of fluorescent beads within the intradiscal space suggests
effective hydrogel delivery and retention. Stiff low peptide hydrogel formulation was doped
with fluorescent microspheres and delivered into the intradiscal space in a mouse organ
culture model. Localization of the fluorescent beads can be seen within the NP region as well
as along the needle path. Scale bar is 100 µm. n=4 discs. Statistical test was a one-way
ANOVA with Tukey’s multiple comparisons test. *** p < 0.001, **** p < 0.0001.

histological analyses, it was found that fluorescent beads could be readily and abundantly
identified within the NP space of the IVD (Fig. 4.5). Fluorescent beads could furthermore
be observed along the puncture site, which may suggest an ability for the hydrogel to
functionally close the focal defects. This observation is interesting because the ability to
use the in situ crosslinked hydrogel as a defect filling approach may further promote cell
retention within the intradiscal space. No fluorescence was detected in either the naïve
nor the puncture-non-treated conditions. Mean fluorescence intensity within the NP
region as outlined was used to quantitatively confirm the presence of the bead-containing
hydrogel within the disc, suggesting successful hydrogel delivery into the disc, as well as
effective retention following two weeks in organ culture.
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4.3.1.ii Delivery of cell-laden peptide-functionalized hydrogels into the rat
intradiscal space
Cell-laden hydrogels were then delivered into the IVD space of discs in a rat organ
culture model as described in 4.2.3.ii.

Following two weeks of culture, histological

outcomes suggested effective cell delivery and retention into the disc NP space (Fig. 6A).
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Fig. 4.6: Histological characterization of organ culture model.
A) Saf-O/Fast
Green/Haematoxylin staining of 20 µm thick sections of rat caudal IVDs maintained in organ
culture. Delivery of the cell-laden hydrogel into the nucleotomized disc space promoted
increased cell presence and decreased AF collapse into the NP, as visualized by fewer inverted
fibers in the NP region. B) SHG signal of collagen further suggests improved anular structure
and integrity in the samples treated with cell-laden hydrogel. C-D) Quantification of SHG signal
intensity and fiber orientation. Scale bar is 500 µm. n≥8 discs. Statistical test was a one-way
ANOVA with Tukey’s multiple comparisons test. ** p < 0.01, *** p <0.001.
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NP structure appeared morphologically distinct in the puncture non-treated condition
compared to both naïve and cell-laden hydrogel conditions, while the cell-laden hydrogel
condition more closely resembled the naïve. Furthermore, SHG imaging of collagen
demonstrated severe disorganization in the AF in the puncture non-treated discs, though
it suggested significantly improved AF organization in the cell-laden hydrogel condition
as observed by higher intensity signal (Fig. 4.6B, Supplementary Figure 8)51.

4.3.2 Evaluation of outcomes following in vivo cell laden hydrogel delivery into the
degenerative disc space
4.3.2.i Radiographic disc height index measurements
At both the 1-week and 8-weeks timepoints following cell-laden hydrogel delivery
into the degenerative disc space, we observed significant increases in DHI in treated
discs compared to the punctured control. There was evidence of significant differences
in DHI between the sham (non-punctured) and both punctured and cell-laden hydrogel
conditions (Fig. 4.7A, B). The data further suggests significant differences between the
cell-laden hydrogel condition and the puncture non-treated control.

Significant

differences were also observed between both cell-laden hydrogels and the sham nonpuncture controls compared to the punctured non-treated group in terms of endplate
scores at both t=1 and t=8 weeks. However, no differences were observed between the
cell-laden hydrogel group and the sham controls (Fig. 4.7A, C). This suggests that,
although there may be a slight decrease in DHI in the treatment conditions vs. the sham,
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Fig. 4.7: Radiographic evaluation of the coccygeal spine. A) µCT scans of the discs show
significantly higher disc height index (DHI) in the hydrogel delivery conditions compared to the
punctured non treated discs. B) At both the 1 and 8 week timepoints, DHI in hydrogel delivery
conditions compared to sham discs is significantly lower, although both DHI and endplate scores
(C) in hydrogel delivery conditions are higher than those in the punctured non treated control. n=6
rats per condition per timepoint. Scale bars in A are 2 mm. Statistics for B and C were one-way
ANOVAs with Holm-Sidak’s multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001.

the separation of the endplates and the prevention of disc collapse induced by the
hydrogel implant may be preventing further CEP damage by preventing rubbing of the
endplates and vertebral bodies.
4.3.2.ii Cell retention within the disc space
Flow cytometry confirmed transduction efficiency of ~81% for cells receiving LVEF1-luc vector constructs prior to cell delivery (Fig. 4.8A). At the end of the time-course
discussed above (Fig. 4.3), following histological sectioning of the discs, tissues were
stained with a rabbit-anti-luciferase and an Alexa 488 conjugated goat-anti-rabbit
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secondary antibody. Imaging allows for clear visualization of the Luc+ cells in the cellladen hydrogel delivery conditions, while no strong cellular signal can be seen in either
the sham nor puncture controls, thus confirming effective cell delivery and retention into
the intradiscal space (Fig. 4.8B).
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Fig. 4.8: Lentiviral transduction of rat NP cells allows for post-delivery cell localization.
A) Flow cytometry confirmed over 80% transduction efficiency in cells receiving LV-EF1-Luc
prior to implantation. B) Immunofluorescence demonstrates the presence of a luc+ cell
population within the intradiscal space in the cell-laden hydrogel delivery conditions. Scale bar
is 100 µm. n=8 ROIs from 3 rats per timepoint. Statistical test was one-way ANOVA with
Tukey’s multiple comparison’s test. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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4.3.2.iii Histological assessment of disc phenotype
Through histological assessment of the discs (Fig. 4.9), we observe that sham
discs at 1 and 8 weeks possess typical morphologies associated with healthy tissues.
The blue staining in the outer AF suggests strong collagen presence, and well-organized
lamella can be observed. Furthermore, strong Saf-O staining in the NP region suggests
strong presence of proteoglycans, and cellularity within the NP can be clearly visualized
at both timepoints. Following disc puncture, severe disc damage is observed at both 1
and 8 weeks (Fig. 4.9). Specifically, the endplates exhibit serpentine structures, with
irregular morphologies and occasional defects being present. There is a lack of AF
organization and structure, and there is no clear or observable NP. Furthermore, it can
be observed, both through histology as well as through the DAPI counterstain in the
immunolabeled images, that there is a significant decrease in cellularity within the central
region of the disc (Supplementary Figure 7).
Motion segments receiving cell-laden hydrogels demonstrate several points of
interest. First, the endplates at both time points are organized and structurally intact,
more closely resembling those observed in the sham conditions than those of the
punctured discs. Secondly, while AF organization is not as strong as what is observed in
the sham discs, there are still observable lamella which are not present in the punctured
conditions at either time point. A >2 fold higher cell density can further be observed at
both time points for the cell-laden hydrogel conditions both through histological outcomes
as well as through DAPI staining (Supplementary Figure 7).

Lastly, at the 8-week

timepoint of the cell-laden hydrogel delivery condition we observed rather consistent SafO staining within the central region of the disc, which was not observed in the punctured

89

controls at either time point, or in the hydrogel delivery group at the one week time point.
This suggested that the delivered cells remain viable and metabolically active throughout
the course of the study. This was not observed at the 1-week time point for any of the
animals sectioned, which could be attributed to either not enough sGAG deposition to be

Fig. 4.9: Histological assessments of the IVDs. Stained via Saf-O/Fast
Green/Haematoxylin. Scale bar is 500 µm.
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detectable through Saf-O staining, or may perhaps be indicative of a need for cell
stabilization and recovery following hydrogel delivery.

Fig. 4.10: Immunohistochemical analysis suggests differential levels of protein
expression as a matter of treatment group and time. Scale bar is 250 µm.
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Immunostaining for BASP1, N-Cadherin, and Integrin α6 revealed protein
presence in both the sham control as well as the hydrogel treated NP regions, while little
staining was observed in the punctured NP sections (Fig. 4.10). Notably, cellularity is
significantly lower in the punctured conditions, potentially playing a role in the apparent
decrease in protein expression in these tissues (Supplementary Figure 7). Although
trends suggesting higher protein expression in the cell-laden hydrogel group than in the
puncture group were observed at both time points, interestingly, the relative protein
expression in the cell-laden hydrogel conditions appeared qualitatively higher at the 8week time point than the 1-week time point, particularly in terms of expression levels of
integrin α6 and N-cadherin (Fig. 4.10). These observations may be further suggestive of
cells needing a recovery period following intradiscal delivery prior to phenotypic reexpression.

4.4 Discussion
The data from the organ culture work demonstrated an ability to effectively deliver
an in situ crosslinked hydrogel into the disc space. Visualization of the added fluorescent
beads in Fig. 4.5 suggests retention of the material within the disc, as well as proper
crosslinking and material integration with the native tissue.

Furthermore, cell-laden

hydrogel delivery in an organ culture model demonstrated the peptide-functionalized
hydrogel to be effective for supporting cell viability and retention within the disc. Finally,
the in vivo data presented in this chapter suggests that delivery of the peptidefunctionalized in situ crosslinked cell-laden hydrogel effectively promoted cell phenotype
and exhibited bioinductive properties as characterized by increased expression of a panel
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Fig. 4.11: Trends in protein expression levels 8-weeks post injury. By the eighth week postinjury, differences in protein expression levels between groups become apparent, with protein
expression in the cell-laden hydrogel condition appearing to resemble those observed in the
naïve condition. Morphological differences in cell distribution can be observed. Scale bar is 250
µm.

of proteins associated with the juvenile phenotype of NP cells in a rat model of caudal
disc degeneration. Differences in disc phenotype between the t=1 week and t=8-week
conditions for the cell-laden hydrogel delivery conditions were observed. Specifically, at
t=8 weeks, we observed Saf-O staining within the central region of the disc, which was
not observed at the 1-week time point. Furthermore, protein expression of integrin α6, Ncadherin, and BASP1 appeared to be higher at the 8-week timepoint than the 1-week
time point. At 1-week, while a decrease in cellularity was already apparent in the puncture
condition, there was still a measurable degree of protein expression.

Furthermore,

protein expression levels in the cell-laden hydrogel condition at this time point were
qualitatively similar to what was observed in the puncture group (Fig. 4.10). We believe
this can be explained by considering the longer time required for cells to reach steady
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state in multidimensional systems.

When transitioning from 2D to 3D cultures, the

increase in dimensionality leads to temporal and spatial dependences on nutrient
diffusion, oxygen gradients, and more, resulting in differential rates of metabolic activity
within cell clusters, and between cell clusters located in different places within the 3D
construct, with more peripheral cells experiencing more rapid exposure to nutrients than
more central bodies205,206. These effects are further emphasized following delivery into
the intradiscal space, as the hypoxic and low nutrient disc environment may further result
in a slow rate of recovery that leads to longer times being necessary for cells to properly
express the phenotypes observed in vitro68,207.
In vivo delivery of this hydrogel system presents difficulty in terms of its gelation
time138. While the rapid gelation may be beneficial for preventing the delivered hydrogel
from leaking out of the nucleotomized intradiscal space, it undergoes very turbulent
mixing in situ, likely leading to considerable heterogeneity. While no clear distinctions
could be characterized across the animals during histological assessments, this may lead
to microenvironmental inconsistencies across different animals, or to differences in ligand
presentation to cells, possibly leading to observed differences in protein expression

Nuclei N-cadherin

Cell-laden Hydrogel group, t=8 weeks

Fig. 4.12: Intradiscal spatial variations. Immunohistological image shows considerable spatial
differences in protein expression of N-Cadherin within the same animal. Scale bar is 100 µm.
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patterns such as those outlined for N-Cadherin in Fig. 4.12. However, inter-animal
variability as a consequence of hydrogel heterogeneity was not tested.
Due to the high intradiscal swelling pressure of the disc, de-pressurization via
nucleotomy or NP aspiration is crucial prior to delivery of an implant, particularly an in situ
crosslinked hydrogel is126,208,209. Hydrogel delivery into the disc without prior nucleotomy,
even in an organ culture model which lacks the same mechanical forces and stresses
seen in vivo, led to immediate expulsion of the polymer precursor solutions from the disc
space. Additionally, cell source may pose difficulties in terms of the translational potential
of this approach. For in vivo delivery of the cell-laden construct, we utilized allogeneic
cells derived from male Sprague-Dawley rats. However, autologous cell sources are ideal
for cell delivery in order to minimize the potential for immunogenic issues. Nevertheless,
autologous cell delivery for disc therapies is problematic due to the scarcity and
inaccessibility of native disc cells.
A limitation of this work is that it did not characterize or reflect upon potential effects
of the cell-laden hydrogel delivery system on bone remodeling.

The histological

assessments from Figure 4.9 suggested that although overall endplate architecture in the
cell-laden hydrogel group appears significantly improved compared to the punctured
group, the bony endplates in both of these groups do appear to have degenerated when
compared to the sham controls. This could have implications in terms of bone remodeling
following traumatic injury and could lead to changes in terms of bone density, osteophyte
formation, endplate calcification and porosity, nutrient transport, and more. Analysis of
these parameters may yield useful information for understanding the impacts of hydrogel
delivery on the functional mechanics, stability, and overall health of the spine.
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Lastly, in chapter 3 it was shown that 3D cell culture of adult human NP cells within
our peptide-functionalized hydrogels promoted secretion of noggin (Fig. 3.6C,
Supplementary Figure 9C), a pro-notochordal marker which has been reported to have
anti-angiogenic effects180–182. Previous literature has demonstrated that exposure of
different types of endothelial cells such as human aortic endothelial cells 181, quail
embryonic endothelial cells (QEECs)

182,

and human umbilical vein endothelial cells

(HUVECs)180,182 to noggin (among other factors) led to decreased cell migration and
microtubule formation, while exposure of the same cells to VEGF promoted significant
increases in these parameters (Supplementary Figure 9A, B). Based on these prior
findings from the literature, we hypothesize that the presence of noggin, as well as other
non-studied secreted proteins (such as chordin or chondroitin sulfate) may play a role in
inhibiting epithelial cell invasion and neoinnervation into the disc following insult 180–182. In
our in vivo model of disc degeneration, we observed vascularization into the disc in two
of the six punctured discs, with blood vessel formation penetrating into the AF in one case
as shown in Supplementary Figure 9D. However, no measurable neovascularization
could be observed in either the naïve nor the punctured disc treated with our in situ
crosslinked cell-laden hydrogel (Supplementary Figure 9D). This data suggests that in
addition to depositing proteins relevant for cellular microenvironmental improvement, our
delivered cells may be further releasing factors that aid in diminishing the induced
inflammatory response and prevent the formation of structures such as neovasculature,
which are often associated with the painful degenerative phenotype.
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Chapter 5
Conclusion and future work
In this document, we have outlined a method for the phenotypic modulation of
degenerative adult human nucleus pulposus cells towards increased expression of a
panel of biomarkers associated with the healthy tissue. Specifically, we have developed
a stiff (>10 kPa), low peptide density (100 µM) functionalized hydrogel with dual
presentation of integrin- and syndecan-binding laminin-mimetic motifs, observed to
promote pro-phenotypic marker expression to degrees similar to what had been
previously observed only with cell culture upon soft (500 Pa) full-length lamininfunctionalized substrates. This scaffold promoted significantly increased levels of gene
expression and protein deposition than stiff substrates functionalized with a high peptide
density (400 µM), and promoted similar degrees of the same phenotypic markers as soft,
peptide-functionalized hydrogels.
The data from this dissertation demonstrates that isolated segments of proteins
are able to replicate key functions of the full-length protein. Consideration of parameters
such as spatial localization of the ligand within the protein, ligand-receptor interactions,
and density and presentation of the ligand to cells are important in the experimental
design in order to successfully induce functional differences. Full length proteins such
as laminins can possess hundreds of adhesive motifs. The ability to use laminin-mimetic
peptides to elicit behaviors similar to the full-length protein provides increased spatial
control of adhesive domain presentation and distribution, increased control over
interaction type (i.e. the ability to target specific receptors), and more. The mechanism
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by which the peptide-presenting gels are able to promote similar effects as the full-length
laminin-functionalized systems is one we have begun to consider in this study. While
ligand accessibility, cell shape, and adhesive domain type and concentration may all play
a role in the observed substrate effects upon primary NP cells, the study does not yet fully
elucidate the relative importance of these effects in contributing to the outcome and
regulating the mechanism.
Characterization of metabolic activity, protein deposition, and gene expression
was further studied in 3D culture, where a pro-phenotypic shift was further observed for
encapsulated primary NP cells, suggesting promise for use of this biomaterial as an in
vivo deliverable cell carrier. Lastly, implantation of our developed cell-laden biomaterial
constructs into the degenerative space promoted improved disc height, appeared to
prevent endplate damage, and suggested an increase in sGAG deposition as observed
by increased Saf-O staining in histological sections.
Recent work in IVD cells proposed that cell shape may be an important regulator
of phenotype15. Because of this, it may be informative to conduct studies culturing NP
cells upon micropatterned surfaces where the cell may only form adhesions in
constrained spaces and geometries. This would allow for specific control over cellular
morphologies, and could thus help decouple the effects of cell shape, spreading,
circularity, and polarization on subsequent factors such as actin polymerization and stress
fiber formation, protein expression/ECM deposition, and more. As previously discussed,
cell-cell interactions appear to play a key role in the phenotypic modulation of NP cells.
The developed stiff, low peptide density functionalized biomaterial promotes cell-matrix
interactions via the presented adhesive domains. This system appears to inhibit the
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formation of mature focal adhesions, which may separately contribute to the observed
increase in cell clustering and increased cell-cell contacts, as cell-matrix interactions are
reduced. Thus, a follow-up study could consider functionalizing the hydrogel construct
with a cell-cell adhesive domain, such as has been performed with the HAVDI peptide in
order to mimic N-cadherin interactions79,156. Adherens junctions have been associated
with a number of signaling pathways such as MAPK, Wnt, TGF-β, and more. Therefore,
control of N-cadherin expression via presentation and availability of an N-cadherin binding
domain may yield functional outcomes in the regulation of NP phenotype.
The development and use of a stiff biomaterial was of interest to in vivo
functionality as it would provide some mechanical support to a damaged disc, effectively
preventing vertebral body and CEP damage without the need for invasive approaches
such as pedicle screws or spine fixation systems. While our data using a cell-laden
hydrogel delivery approach into the rat caudal spine suggested an ability to effectively
increase disc height out to 8 weeks, there remain some areas where additional study
would be useful. First, this work would be strengthened by performing mechanical tests
to better characterize the mechanical properties of the hydrogel once delivered and
integrated with the intervertebral disc defect, providing insight as to whether or not the
apparent mechanical support provided by the material is sufficient for physiological
loading in a long-term implant delivery model. This could be done by delivery of the
hydrogel into a nucleotomized disc in an organ culture model followed by cyclical loading
or compression tests. Furthermore, in section 4.3.1 it was discussed that the hydrogel
was observed to act as a defect filler, with substantial presence of fluorescent beads
being observed along the needle puncture site in an organ culture model of hydrogel
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delivery. While this approach may be meaningful in reducing delivered cell leakage from
the intradiscal space, it should be noted that the hydrogel system’s ability to serve as an
adequate filler for the AF was beyond the scope of this work. The outer anulus has
biomechanical properties that largely differ from those of the NP, as well as biochemical
composition and cellular phenotype differences. Thus, investigation of the system’s
adequacy for focal defect filling in the AF should be investigated in detail, assessing things
like tissue-material integration, effect of the material’s bioactivity on AF cell phenotype,
and biomechanical compatibility of the native AF properties and how they compare to the
delivered implant. Another consideration would be delivery of the hydrogel system into
the lumbar region, rather than caudal, as the tail is a more isolated system than the lumbar
spine and lacks the same immune system and nervous system access seen in lumbar,
which would offer a more physiologically relevant environment.
Another avenue for further investigation could be a study of the effects of the cellladen hydrogel delivery condition on vascular and nervous system infiltration into the IVD,
as well as its effects on the immune response. In an RNA sequencing study culturing
adult human NP cells upon either the developed stiff low-peptide density substrate or
upon TCPS, we observed significant changes in gene sets associated with the
inflammatory response such as interleukin-1-mediated signaling pathway, cell responses
to interleukin-8, responses to mycophenolic acid, and more (data not shown). This study
partially impacted our interest in looking at expression of the noggin protein in Aim 3 (Ch.
4), as noggin has been reported to have anti-angiogenic effects.

Due to this,

assessments of the effects of the cell-laden hydrogel on the inflammatory response of the
host may be forward going for understanding the importance of the factors released by
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delivered NP cells encapsulated within the hydrogel system. This could be measured via
in vitro co-cultures of cell-laden hydrogels and activated macrophages such as U937 or
RAW cells. Alternatively, study of inflammatory cell infiltration into the disc following
hydrogel delivery, done via staining of proteins such as CD68 or other markers of
inflammatory cell presence, may provide insight as to the effects of the delivered system
on the host inflammatory response. However, further experiments would be needed for
understanding factors such as hydrogel effects on macrophage polarization and
subsequent effects on tissue remodeling and the inflammatory response.
Overall, this dissertation presented the development of a biomaterial functionalized
with an appropriate density of laminin-mimetic peptides capable of directing a phenotypic
shift in degenerative nucleus pulposus cell towards a more juvenile-like state. The work
further demonstrated feasibility of this system to promote 3D cell viability in vitro, ability
to deliver a cell-laden hydrogel construct into the degenerative disc space with outcomes
that attenuated progressive degeneration, and led to improved disc height, endplate
morphology, and an protein expression and sGAG deposition up to 8 weeks post-injury.
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Appendix A
Supplementary Figures and Results
A number of Michael-type addition reactions have been employed for the
polymerization and functionalization of synthetic biomaterials210. In the present work, we

Supplementary Figure 1: Schematic of maleimide-thiol coupling chemistry. Adapted
from thermofisher.com.

focused on maleimide-thiol coupling (Supplementary Figure 1) due to the stability of the
thioether product. Maleimide groups have been described as the most efficient basecatalyzed Michael-type acceptors, with functionalization efficiencies reported as high as
95-100%170,211.

While the high reaction efficiency promotes high degrees of

functionalization, it also leads to very rapid reaction kinetics which can result problematic
in the development of cell culture systems.

Thus, many studies have looked into

approaches for slowing down maleimide-thiol coupling. As reported by Darling et al.138,
under neutral buffered conditions, maleimide-thiol coupling takes place in under five
seconds (Supplementary Figure 2A). While approaches such as ligand density and
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reaction temperature have modest effects on the reaction kinetics, pH regulation leads to
significant changes in maleimide-thiol coupling as seen in Supplementary Figure 2B-D.

A)

B)

D)

C)

Supplementary Figure 2: Effects of peptide density, temperature, and pH on maleimidethiol reaction kinetics. Adapted from Darling et al. 2016. A) Mixing of the PEG-MAL solution
with an Alexa-350 labeled MMPCRD (a degradable linker peptide) allows for visualization of the
rapid MAL-SH crosslinking under UV excitation. Control of peptide density (B) or polymer
temperature (C) had no significant effect on crosslinking speed. Solution pH (D) allowed for a
considerable decrease in reaction kinetics.
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Morphological assessments (as quantified by area and circularity) as a factor of
cluster size reveals a dependence of cell behavior on cluster formation. Single cells
demonstrate no significant or observable effects as a matter of peptide density or
substrate stiffness. Cell found in small clusters (<5 cells) demonstrate subtle increases
in spreading with increased peptide density on stiff substrates, and no visible differences
in soft materials. Mild decreases can likewise be observed in circularity with increasing
peptide density on stiff substrates. Statistically significant differences in cell area and
circularity can be observed at both substrate stiffness values with increasing peptide
density, suggesting cells with a higher number of cell-cell contacts may be more
responsive to their extracellular microenvironment

(Supplementary Figure 3).

Observation of cells in large clusters thus allowed for more clear visualization of
phenotypic differences.
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Supplementary Figure 3: Morphological analysis of cluster size vs. peptide density.
Analysis done on single cells, small clusters (<5 cells), or large clusters (≥5 cells) revealed
increased sensitivity to ligand presentation with increased cluster size. Statistics done using
a one-way ANOVA with Tukey’s multiple comparison’s test. * p < 0.05. ** p < 0.01, *** p <
0.001, **** p < 0.0001.
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Supplementary Figure 4: Substrate effects on sGAG deposition. Stiff 100 μM substrates
promote similar degrees of cell viability and matrix deposition as what is seen in soft substrates
n≥3 human donors. * p<0.05, ** p<0.01, *** p<0.001, using one-way ANOVA with Tukey’s
multiple comparison’s test.
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In order to better understand the relative effects of our materials versus other
previously characterized and peer reviewed systems, we sought to benchmark our
systems against alginate gels, as these have been previously proposed as systems for in
vivo disc tissue engineering (Supplementary Figure 5A, B)33,212.

We observed

significantly higher expression of ACAN and COL2A1 for both of our substrates compared
to the alginate control. Stiff-low peptide density gels had higher expression of GLUT1
than the alginate control. Both substrates had significantly decreased expression of
COL1A1 than the alginate control (Supplementary Figure 5C).
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Supplementary Figure 5: Comparison of gene expression levels in stiff peptide
functionalized and soft PEG-LM vs. alginate systems. A) Gene expression profiles of disc
cells maintained in 3D culture in alginate for up to 2 weeks, normalized to gene expression
levels of cells within 3D polyester meshes, adapted from Chou et al. 2008. B) Alginate system
delivered in vivo into the lumbar spines of sheep, adapted from Tsujimoto et al. 2018. C)
Comparison of gene expression profiles of 3D cell culture within our substrates of interest or
in alginate. Statistical test was one-way ANOVA with Holm-Sidak’s multiple comparison’s test.
* p < 0.05.
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Vacuole formation as identified in cell clusters cultured within 3D hydrogels. Zstacks of whole cell clusters were obtained via scanning laser confocal microscopy.
Vacuole formation could be identified within individual clusters in both the soft PEG-LM

Nuclei Cell Body AHA

as well as the stiff 100 µM hydrogel conditions.

Supplementary figure 6: Identification of vacuoles in human NP cell encapsulation
culture. While no vacuoles could be identified in either the nonfunctionalized nor the stiff 400
µM substrates, vacuole presence was observed in both the soft PEG-LM and stiff 100 µM
substrates. Representative image of vacuoles in NP cells encapsulated within a 4% PEG-LM
shown above. Scale bar is 25 µm.
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DAPI staining of 20 µm thick histological sections of discs from each of the study
groups allowed for the quantification of cell presence. Due to the lack of a clearly
identifiable “NP” section in the puncture and cell-laden hydrogel delivery groups, image
analysis was done as follows. First, histological sections were first stained with DAPI at
2 µg/mL following previously described protocols. Following, a 3 x 3 grid was overlayed
over the whole disc section at equal intervals across the width and height of the disc,
spanning from medial to distal outer AF, and from the inner surface of caudal to cranial
CEPs (Supplementary Figure 7A). Three individual regions of interest where then drawn
over the center grid. This was repeated for 6 independent tissue sections at each time
point. Significantly lower cell densities are observed in the punctured conditions versus
the cell-laden hydrogel and sham groups. Although cell density is comparable in the cellladen hydrogel group and sham group, there remains a clear distinction in cell
morphology and cluster presence, with the cell-laden hydrogel delivery condition not
resembling the distinct structures observed in sham tissue.
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Supplementary Figure 7: Estimation of NP cellularity from histological sections. A)
Schematic of ROI selection strategy. B-C) Quantification of number of cell nuclei per ROI and
representative images. Statistics were one-way ANOVAs with Holm-Sidak’s multiple
comparison’s test. **** p < 0.0001.

110

As demonstrated in previous studies, second harmonic generation of collagen
fibers can be directly correlated with anular organization and therefore tissue integrity,
and can thus be used as a metric for surveying AF generation.

Supplementary Figure 8: Correlation between SHG signal intensity and AF
organization. Adapted from Reiser et al. 2007. Data shows strong correlation between SHG
signal intensity and AF fiber organization, with higher SHG signal intensity demonstrating low
degrees of disorganization, and low SHG signal suggesting high disorder.
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A number of cytokines released by NP cells have been proposed to influence cell
signaling events. Of relevance to this study is noggin, which has been proposed to inhibit
BMP signaling, SMAD1 transcription regulators, and to have inhibitory effects in a number
of signaling pathways such as Akt, P38 MAPK, PI3K, and Jnk213. Importantly, exposure
of assorted endothelial cells such as quail embryonic endothelial cells (QEECs) or human
umbilical vein endothelial cells (HUVECs) to noggin has been demonstrated to lead to a
reduction in cell migration and tubule formation, and has been hypothesized to have
potent anti-angiogenic effects. While this hypothesis was not directly tested, it remains
an observation of interest as two thirds of the punctured discs demonstrated some degree
of apparent vascular body formation as observed both en bloc and via CD31
immunolabeling of tissue sections at t=8 weeks. However, this was not observed in either
the sham group nor the cell-laden hydrogel delivery group.
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Nuclei Noggin
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Nuclei CD31

Puncture
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T= 8 weeks

D)

Supplementary Figure 9: Released soluble factor effects on tubule formation and
endothelial cell invasion. A) increasing noggin concentration leads to a reduction in tubule
formation in HAECs, adapted from Bressan et al. 2009. B) Presence of noggin leads to
considerable reduction in migration of QEECs and HUVECs compared to equal concentrations
of VEGF, Adapted from Reese et al. 2004. C) Increased expression of noggin is observed in
our substrate of interest (Figure 3.6, stiff low peptide gels). D-E) At t=8 weeks, some of the
punctured discs appeared to exhibit vascularization, which was not observed in either the sham
group nor the cell-laden hydrogel delivery group. Scale bars are 20 µm (C, E) and 500 µm (D).
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